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ABSTRACT

This thesis examines the role of vascular endothelial cells in inflammation,

with pañicular reference to their participation in the immune response directed

against renal allografts. The studies focus on the cell surface molecules

expressed by the vascular endothelium that are involved in the interactions

with host effector cells and with the supporting extracellular matrix. The main

text is divided into four sections. The first is a brief introduction to vascular

endothelial cell biology and to some of the methods used for studying the

endothelium in vitro. The second section examines the potential of vascular

endothelial cells to stimulate an alloimmune response. The studies in this part

document the expression of HLA class I and class ll molecules on the

endothelium and associated tissues in two clinical examples of an

inflammatory response: (1) renal allograft rejec{ion, and (2) vasculitis involving

the peripheral nervous system. The third section concerns the cell surface

molecules that mediate the interactions between the vascular endothelial cells

and the extracellular matrix. ln these studies, a monoclonal antibody (QE.2E5),

which recognises a family of these receptors (the Þr integrins), was produced

and characterised. ln addition, other monoclonal antibodies were used to

study the cellular and tissue distribution of these receptors, as well as their
function on vascular endothelial cells. The final section deals with the

receptors that mediate the interactions between the vascular endothelium and

peripheral blood leucocytes during both physiological trafficking and in

inflammation. The initial studies examined the adhesion of leucocytes to

cultured human umbilical vein endothelial cells (HUVEC). A monoclonal

antibody (OE2.1 84), which recognises intercellular adhesion molecule-1

(ICAM-1), was produced and characterised, and used to analyse the adhesion

of T lymphocytes to HUVEC. The final studies look at the expression of ICAM-

1 during renal allograft rejection and in vasculitis involving the peripheral

neruous system.
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SUMMARY OF THESIS

This thesis examines the role of vascular endothelial cells in inflammation,

with particular reference to their participation in the immune response directed

against a vascularised allograft (kidney). The studies focus on the cell surface

molecules expressed by the vascular endothelium that are involved in the

interactions with host effector cells and with the supporting tissues.

The main text is divided into four sections. The first is a brief introduction to

vascular endothelial cells, which includes a discussion of the methods used

for studying them in vitro, their role in coagulation and thrombosis, and a list of

some of their metabolic and synthetic functions. The subsequent three

sections detail the studies performed for this thesis, and each commences with

a literature review of the cell surface molecules that are the subject of that

section.

The second section examines the potential of vascular endothelial cells to

stimulate an alloimmune response, The literature review at the

commencement of this section deals with the polymorphic antigens expressed

by vascular endothelial cells, and discusses the evidence concerning their

ability to function as fully competent antigen presenting cells. The studies

performed for this part first examine by an indirect immunoperoxidase staining

technique the distribution and level of expression of MHC antigens in the

normal human kidney compared with rejecting renal allografts, and show that

both HLA class I and ll antigens are increased during rejection on the vascular

endothelium, and appear de novo on the tubules. lt is postulated that this

increase adds to the number of targets available for host effector cells as well

as facilitating the antigen-presenting function of the endothelium. ln parallel

studies, the expression of MHC antigens in normal muscle and nerve was

compared with that in autoimmune vasculitis involving those tissues. ln this

example of an inflammatory response against self rather than an allograft, the

endothelial cells again express increased MHC antigens, which is likely to

improve their antigen-presenting function.

The third section concerns the ¡nteractions between the vascular

endothelial cells and the surrounding extracellular matrix, and specifically

addresses the cell surface molecules that mediate the cell-matrix adhesion.

The literature review briefly discusses the components of the extracellular

matrix, followed by a detailed discussion of a family of heterodimeric adhesion

molecules known as the integrins. The two subgroups of the integrins that are

involved in cell-matrix adhesion (the p1 integrins or very late antigens, and the
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p3 integrins or cytoadhesins) are reviewed in this section. The results for this

part first detail the production and characterisation of a murine monoclonal

antibody (OE.2E5) that recognises an epitope on the integrin B1 chain, and

provide evidence that there are distinct subgroups of p1 chains identified by

different monoclonal antibodies. This is followed by studies of the expression

of the six p1 integrins by cultured vascular endothelial cells and in normal

spleen and kidney, as well as changes in their expression during renal

allograft rejection. The functional role of two of these integrins (azÊr and asÞr)

on cultured vascular endothelial cells was then examined with two a chain-

specific monoclonal antibodies, including one (PHM2) that was characterised

as an anti-integrin antibody during the course of these studies. Finally,

evidence is presented that cultured vascular endothelial cells also express the

B4 integrin chain in association with the c6 chain.

Section four deals with the interactions between the vascular endothelium

and peripheral blood leucocytes that are impoftant during both physiological

trafficking and in inflammation. The literature review discusses the

mechanisms of leucocyte adherence to the endothelium followed by

extravasation, and introduces the relevant leucocyte and endothelial adhesion

molecules (including the Þz integrins or leucocyte adhesion molecules). Some

of the discussion concerns neutrophil and monocyte interactions with the

endothelium, but mainly deals with lymphocyte-endothelial binding as this is

most relevant to the alloimmune response. The studies described first deal

with the work involved in setting up an assay to quantify the adhesion of

peripheral blood leucocytes and related cell lines to cultured endothelial cells.

This assay can be used to examine the effects of stimulating the adherent cells

and/or the endothelial cells. The results obtained with neutrophils and the

myeloid cell line HL60 are presented and compared with those reported in

similar studies in the literature, followed by the results and relevant literature

review of the adhesion T lymphocytes and lymphoid cell lines (Mann and

Jurkat). As a direct consequence of these studies, work was undeftaken to

produce monoclonal antibodies directed against endothelial cell adhesion

molecules that mediate T lymphocyte adhesion to activated endothelium,

which is an in vitro correlate of lymphocyte-endothelial adhesion during

inflammation. A murine monoclonal antibody (4E2.184) that recognises the

intercellular adhesion molecule-1 (ICAM-1) was produced and characterised,

and used to further examine the molecular mechanisms of T lymphocyte

adhesion to activated endothelium. Finally, the expression of ICAM-1 was

examined in normal kidney, muscle, and nerve, and compared with that in
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rena¡ allograft rejection and vasculitis involving muscles and nerves. The

endothelial cell expression of ICAM-1 was increased in both types of immune

response, and like the changes observed in MHC expression, would be

expected to increase their antigen-presenting ability and accessibility as

targets. ln addition, the de novo expression of ICAM-1 by the renal tubules

during allograft rejection was documented during these studies.
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This chapter describes the materials and methods used in the studies ior
this thesis. Additional specific information is provided for certain experiments

where they are described in the text.

1. Antibodies used in this thesis

A large number of antibodies were obtained from various sources, and

they will be listed in this section. ln the text of the thesis, the antibodies will be

referred to by their designated names and the appropriate reference given.

W6/32: murine lgGz" monoclonal antibody directed against a

monomorphic determinant on HLA class I (4, B, and C) molecules. The cell

line was obtained from the American Type Culture Collection (ATCC),

Maryland USA.

RM7.30: murine lgGs monoclonal antibody directed against a

monomorphic determinant on HLA class I molecules. The cell line was

obtained from the laboratory of Dr. A. d'Apice, at that time at the Department of

Nephrology, Royal Melbourne Hospital, Melbourne, Victoria.

RMs.112: murine lgGz" monoclonal antibody directed against a

monomorphic determinant on HLA class l1 (DR, DQ, and DP) molecules. The

cell line was obtained from Dr. A. d'Apice, Royal Melbourne Hospital.

L243: murine lgGz" monoclonal antibody directed agaínst a determinant

on HLA DR molecules. The cell line was obtained from the ATCC.

Genox 3.53: murine lgGr monoclonal antibody directed against HLA DQ1

molecules. The cell line was obtained from the ATCC.

87/21: murine lgGs monoclonal antibody directed against HLA DP

molecules. The cell line was obtained from Dr. M. Honeyman, NSW Red Cross

Blood Transfusion Service, Sydney, NSW.

A-1A5: murine lgGzu monoclonal antibody directed against the integrin p1

chain. Ascites was obtained from Dr. M. Hemler, Dana-Farber Cancer Institute,

Boston, Massachusetts.
TS2l7: murine lgGr monoclonal antibody directed against the a chain of

the VLA-1 molecule. Ascites was obtained from Dr. M. Hemler, Dana-Farber

Cancer Institute, Boston, Massachusetts.

RMAC11: murine lgGz" monoclonal antibody directed against VLA-2. The

cell line was obtained from Dr. A. d'Apice, Royal Melbourne Hospital,

Melbourne.
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AK7: murine lgGr monoclonal antibody directed against VLA-2. Ascites

was obtained from Dr. M. Berndt, Department of Medicine, Westmead

Hospital, Westmead, Sydney, Nsw South Wales.

J143: murine lgGr monoclonal antibody directed against VLA-3. Ascites

was obtained from Dr. A.P. Albino, Memorial Sloan-Kettering Cancer Center,

New York, New York.

B-SG10: murine lgGr monoclonal antibody directed against VLA-4. Ascites

was obtained from Dr. M. Hemler, Dana-Farber Cancer lnstitute, Boston,

Massachusetts.

81E5: rat lgG monoclonal antibody directed against VLA-S. Overgrown

tissue culture supernatant was obtained from Dr. C. Damsky, University of

California, San Francisco, California.

GoH3: rat lgG monoclonal antibody directed against VLA-6. Overgrown

tissue culture supernatant was obtained from Dr. A. Sonnenberg, Netherlands

Red Cross Blood Transfusion Service, Amsterdam.

PHM2: murine lgGr monoclonal antibody that recognises a determinant

expressed by human monocytes, platelets and endothelium. Ascites obtained

from Prof. R. Atkins, Prince Henry's Hospital, Melbourne, Victoria.

Goal 172: polyclonal goat antiserum directed against the integrin p1 chain.

Serum obtained from Dr. M. Ginsberg, Scripps Clinic and Research

Foundation, La Jolla, California.

TS1/22: murine IgGr monoclonal antibody directed against the

lymphocyte function-associated antigen-1 (LFA-1). The cell line was obtained

from the ATCC.

25E11: murine lgGza monoclonal antibody directed against platelet

glycoprotein llb/llla. Ascites obtained from Prof. G. Burns, at that time at the

Division of Human lmmunology, lnstitute of Medical and Veterinary Science,

Adelaide, South Australia.

Antibody 15: murine lgGr monoclonal antibody directed against the
integrin Þg chain. Ascites obtained from Dr. M. Ginsberg, Scripps Clinic and

Research Foundation, La Jolla, California.

439-98: rat lgG monoclonal antibody directed against the integrin B4

chain. Ascites obtained from Dr. S.J. Kennel, Oak Ridge National Laboratory,

Oak Ridge, Tennessee.
53-41: murine lgGr monoclonal antibody directed against the integrin p4

chain. Ascites obtained from Dr. V. Quaranta, Scripps Clinic and Research

Foundation, La Jolla, California.
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TS2/18: murine lgGl monoclonal antibody directed against CDz. The cell

line was obtained from the ATCC.

TS2/9: murine lgGr monoclonal antibody directed against lymphocyte

function-associated antigen-3 (LFA-3). The cell line was obtained from the
ATCC.

WEHI-CAM-1: murine lgGr monoclonal antibody directed against the
intercellular adhesion molecule-1 (ICAM-1). Ascites obtained from Dr. A, Boyd,

Walter and Eliza Hall lnstitute, Melbourne, Victoria.

1.286: murine lgGr monoclonal antibody directed against endothelial-
leucocyte adhesion molecule-1 (ELAM-1). Overgrown tissue culture

supernatant obtained from Dr. D. Haskard, Guy's Hospital, London, United

Kingdom.

QE7.3E8: murine lgGr monoclonal antibody directed against the human

CD44 molecule, produced in our laboratory.

MEL-14: rat lgG monoclonal antibody directed against the murine

lymphocyte homing receptor. The cell line was obtained from the ATCC.

P3X63Ag8: murine lgGr monoclonal antibody of unknown specificity that
does not bind to human tissues, used as a negative control. The cell line was

obtained from the ATcc.
1D4.5: murine lgG2a monoclonal antibody directed against the 11RX

strain of salmonella enteritidis, used as a negative control. Supernatant and

ascites obtained from Dr. Leonie Ashman, Depaftment of Microbiology and

lmmunology, University of Adelaide, Adelaide, South Australia.

2. Cell culture and oreoaration of cells

Cell culture media

The standard medium used in this thesis was RPMI 1640 (Flow

Laboratories, McLean, Virginia, USA) with 100mM sodium pyruvate, 0.2%
sodium bicarbonate, 1OmM Hepes buffer, 160 mg/litre gentamycin, and 2mM
glutamine. The cell lines used in this thesis were rout¡nely maintained in RPMI
1640 supplemented with 10"/" loetal calf serum (FCS). Hybridoma cell lines

were maintained in RPMI 1640 supplemented with 15% FCS. Human

umbilical vein endothelial cells were cultured in RPMI 1640 supplemented
with 201" FCS, plus 0.3 mg/ml endothelial cell growth factor (ECGF) (Sigma,

St. Louis, MO) and 30 Units/ml porcine mucous heparin sodium (Fisons,

Thornleigh, NSW). All cells were cultured at 37oC in 5% COz.
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Purification of human peripheral blood mononuclear cells (Boyum, 1968)

Blood samples from normal volunteers were placed in heparinised tubes

and centrifuged at 6009 for 10 minutes, followed by removal of approximately

two-thirds of the revealed plasma to deplete the sample of platelets. The

remaining blood was diluted 1 in 3 in 0.9% saline and 1B ml aliquots were

distributed into V-bottomed 30 ml plastic tubes (Disposable Products,

Adelaide). The diluted blood was then underlayed with 4 ml of Lymphoprep
(Nycomed, Oslo, Norway) and centrifuged at 15009 lor 20 minutes. The

mononuclear cells at the Lymphoprep-plasma interface were carefully

removed by pipetting into V-bottomed 10 ml plastic tubes, diluted 1 in 3 in
0.9% saline, and pelleted at 20009 for 5 minutes. The pellet was resuspended

in 10 ml of 0.9% saline and the cell numbers determined by counting using a
Neubauer hae matocyto meter.

Purification of monocytes from human peripheral blood

Mononuclear cells were purified from donor blood (typically 30 ml) by the

above method and resuspended in Sml of RPMI 1640 supplemented with 20%

heat-inactivated newborn bovine serum (HINBS). Plastic 9 cm petri dishes
(Johns, Clayton, Victoria) were coated with heat-inactivated human AB serum

for 30 minutes al37oC, followed by its removal by pipetting. The mononuclear

cell suspension was poured onto the petri dish and incubated at 37oC for 30

minutes. Under these conditions the monocytes will adhere to the dish and the

lymphocytes will remain in suspension. The adherent monocytes are readily
visible by phase contrast microscopy as dark cells adherent and spreading on

the plate. Following incubation, the non-adherent cells are washed off by
pipetting the medium into 10 ml tubes and further washing with RPMI 1640

(supplemented with 5% HINBS) to a volume ol20 ml. These non-adherent

cells were kept if purified T and/or B lymphocytes were required. The adherent
cells were removed from the plate by incubation in 18 ml of O.47"

ethylenediamenetetraacetic acid (EDTA) at 37oC for 10 minutes. The detached
cells were washed by pipetting into 10 ml plastic tubes and pelleted by

centrifuging at 20009 for 5 minutes. The cells were resuspended in RPMI 1640

with 5% HINBS and counted using a Neubauer haematocytometer. The purity
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Purification of T lymphocytes from human peripheral blood

(Danilovs et al, 1980)

Sixty milligrams of nylon wool fibre (Fenwal Laboratories, lllinois, USA)

was teased out and packed loosely into a 12 cm plastic drinking straw (which

had been heat-sealed at one end) so that 1 cm at each end was left empty. A

small drainage hole was cut into at the sealed end, and the packed straw was

washed with plain RPMI 1640. The straw containing the saturated nylon wool

fibre was then incubated at 370C for 30 minutes. The non-adherent cells

stored after the purification of monocytes were pelleted at 20009 for 5 minutes,

and resuspended in 0.5 ml of RPMI 1640 plus 5% HINBS. The cell

suspension was loaded onto the warmed straw which was then incubated

again for 30 minutes at 370C. Following incubation, the non-adherent T

lymphocytes were washed out of the straw with 20 ml of RPMI 1640 plus 5%

HINBS and pelleted at 20009 for 5 minutes. The purified T lymphocytes were

resuspended in 2 ml of RPMI 1640 plus 5% HINBS and counted using a

Neubauer haematocytometer. Typically 15 - 20 x 10s T lymphocytes were

obtained from 30 ml of peripheral blood.

Purification of neutrophils from human peripheral blood

Twenty ml of donor blood was taken into a 30 ml syringe containing 4 ml

of 4.5o/" EDTA in distilled water (pH 7.4) as anticoagulant. The blood was

mixed with dextran 150 (6% in 0.9% saline) 1:5 w, and allowed to sediment

for 45 minutes at 370C. The plasma was then carefully removed to avoid

erythrocyte contamination, placed in a 50 ml plastic centrifuge tube (Corning,

New York, USA), underlayed with 6 ml of Lymphoprep and centrifuged at

15009 lor 20 minutes. The supernatant was carefully removed by pipetting,

leaving the pellet containing neutrophils and contaminating erythrocytes. The

erythrocytes were lysed by suspending the pellet in 10 ml of 0.2% saline tor 25

seconds, and then adding 10 ml ol 1.6Y" saline, followed by centrifuging at

10009 for 7 minutes. The lysis step was repeated if any erythrocytes remained

intact. The purified neutrophils were resuspended in medium and counted

using a Neubauer haematocytometer. Typically 30 - 40 x 10e neutrophils were

obtained from 20 ml of blood.
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Purification of platelets from human peripheral blood

Thirty ml of donor blood was anticoagulated with EDTA (4.5% in distilled

water, pH7.4,2 ml per 10 ml of blood), and centrifuged at 6009 for 10 minutes

The platelet-rich plasma was carefully removed by pipetting to avoid

erythrocyte contamination, placed in a 10 ml plastic tube, and centrifuged at

20009 lor 20 minutes at 4oC (to avoid platelet clumping). The pellet was

resuspended in cold medium and the cells counted using a Neubauer

haematocytometer. Typically, about 10 x 19e platelets were obtained from 30

ml of blood.

lsolation and culture of human umbilical vein endothelial cells (HUVEC)

HUVEC were isolated and cultured according to the technique described

by Jaffe et al (1973a), with minor modifications. They were routinely cultured in

tissue culture flasks which had been coated with sterile 0.11" gelatin.

Fresh human umbilical cords were obtained from the labour ward of The

Queen Elizabeth Hospital, and stored in sterile Hank's balanced salt solution

at 4oC until use (preferably within 24 hours of delivery). The cords were

warmed up to 37oC at the time of harvesting. The cord was trimmed and the

umbilical vein at one end cannulated with a sheethed 219 winged infusion set

(Terumo, Melbourne, Australia). This was gently clamped in place with a

plastic clamp, and the lumen of the vein washed thoroughly but gently by

perfusion with 30 - 50 ml of sterile Hank's. The bottom end of the cord was

clamped with another plastic clamp and the vein filled with 5 - 10 ml of

warmed 0.1"/" collagenase (Sigma) in sterile Hank's. The clamped cord filled

with collagenase was incubated in warm sterile Hank's at 37oC in a water bath

for 15 minutes. The collagenase and detached cells were then washed into a

50 ml centrifuge tube by perfusing the vein with 30 ml of warmed sterile

Hank's supplemented w¡th 1% FCS (to inactivate the collagenase). The cells

were pelleted by centrifugation at 10009 for 7 minutes, resuspended in 3 ml of

culture medium (see above), and placed in a gelatin-coated 25 cmz tissue

culture flask (Miles Laboratories, Naperville, lllinois, USA). After overnight

incubation, any non-adherent cells were washed out with warmed sterile

Hank's and a new 3 ml of medium added to the adherent cells. As a general

rule, cells from individual cords were cultured in separate flasks.
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The adherent cells were identified as HUVEC by their characteristic

"cobblestone" pattern of growth as a monolayer which readily distinguishes

them from contaminating fibroblasts and smooth muscle cells (see photograph

page 30). This was confirmed by examination by electron microscopy for

Weibel-Palade bodies (photograph page 30), and positive staining by indirect

immunoperoxidase (see below) for factor Vlll (photograph page 31).

The cells were passaged up to 75 cmz tissue culture flasks when the

monolayer reached confluence, usually after 4 - 5 days. They were detached

by either brief incubation with 0.1% EDTN0.125% trypsin in sterile Hank's or 3

m¡nutes incubation with 0.1% EDTA in sterile Hank's. The detached cells were

washed out with sterile Hank's (plus 1% FCS to inactivate the trypsin),

centrifuged at 10009 for 7 minutes, and resuspended in the appropriate

volume of medium.

3. Staining techniques

lndirect lmmu noperoxidase

Cell preparations or cut tissue sections were stained with monoclonal

antibodies using an indirect immunoperoxidase technique. The isolated cells

were cytospun onto glass slides, allowed to dry, and fixed by immersion in

cold (4oC) acetone for 10 minutes. The tissue sections were in two categories.

Tissue that had been previously obtained by biopsy was unfixed and had

been snap lrozen in liquid nitrogen. Five micron sections were cut from these

specimens on a cryostat onto gelatin-coated glass slides, air-dried, and fixed

in cold acetone for 10 minutes. Biopsies from renal allografts that were

especially obtained for this thesis were fixed for 2 - 4 hours in periodate-

lysine-paraformaldehyde (PLP) before being snap lrozen in Tissue Tek ll

mounting medium (Miles Scientific, lllinois, USA) and stored at -700C. Five

micron sections were cut onto gelatin-coated glass slides and allowed to dry

before staining.

The non-specific binding of protein was blocked by incubating the

specimens with 37" normal horse serum in phosphate-buffered saline (PBS)

for 10 minutes. This and all subsequent incubations were performed at room

temperature in a humidified chamber. The specimens were then incubated for
45 minutes with 100 pl of the monoclonal antibody, either as neat tissue

culture supernatant or as a 1 in 500 dilution of ascites in 3% normal horse

serum. Following extensive washing in PBS, they were incubated for 30
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minutes w¡th 100 pl of biotinylated horse anti-mouse lgG or anti-rat lgG

(depending on the source of the primary antibody) (Vector Laboratories,

California, USA), diluted 1 in 200 in 3"/" normal horse serum. After further
washing in PBS, they were incubated for 60 minutes with 100 pl of a 1 :1

mixture of avidin DH and biotinylated horseradish peroxidase H (Vector

Laboratories), diluted 1 in 100 in 3% normal horse serum. The specimens

were again washed in PBS and exposed for 7 minutes to 0.5 mg/ml

diaminobenzidine tetrahydrochloride (Sigma) and 0.01 % hydrogen peroxide

in 0.05M Tris-HCl buffer (pH = 7.2). A positive reaction gives a brown stain.

The specimens were then counterstained with Maye/s hematoxylin and

mounted under a glass cover-slip.

lndirect one-colour staining for flow cytometric analysis

HUVEC were eluted with 0.1% EDTA whereas other adherent cells were

detached by vigorous pipetting of the bottom of the tissue culture flask. The

cells were counted using a Neubauer haematocytometer and sufficient taken

to give 5 x 10s cells per antibody. They were washed twice in PBS plus 1%

FCS plus 0.02M sodium azide for 5 minutes at 6009 at 4oC. All subsequent

washes in the procedure were performed in the same manner, and the cells

were resuspended in between by gently tapping the tube.

Atter washing, the cells were resuspended in the washing solution plus

10% normal rabbit serum at a volume of 100 pl per antibody for 10 minutes on

ice. Following aliquoting into individual tubes, the primary antibody was added
(50 pl of tissue culture supernatant or 10 ¡rl of a 1 in 500 dilution of ascites) for

20 minutes on ice. After a single wash, the secondary antibody (fluoroscein

isothiocyanate-conjugated sheep anti-mouse lgG [Silenus, Victoria, Australia]

or anti-rat lgG [Silenus]) was added to a final dilution of 1 in 200lor 20 minutes

on ice. This and all subsequent steps were performed in the dark. The cells

were fixed with 2 ml of a 1 :10 dilution in distilled water of fixative and lysis

solution (Becton Dickinson, San Jose, California, USA), diluted 1 in 10 in

distilled water, lor 12 minutes at room temperature. After two washes, the cells
were resuspended in 500 pl of filtered saline and stored in the dark at 40C until

analysed on a Becton Dickinson FACScan (Becton Dickinson).
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Cellular enzyme-linked immunosorbent assay (ELISA)

A cellular ELISA was used to screen fusions for antibody production

against cultured HUVEC and for assessment of HUVEC expression of a

variety of cell surface antigens.
HUVEC were eluted from their flasks and 2 x 10a cells in 100 pl of medium

were added to each well of a flat-bottomed 96 well microtitre plate (Disposable

Products, Adelalde, South Australia). Following overnight incubation at 370C,

the cells were adherent and had spread to completely cover the bottom of the

well. Any stimulation of the HUVEC (eg with lipopolysaccharide [LPS] [Sigma]
or interleukin-1 cr [L-1] [Boehringer Mannheim, Mannheim, Germany) was

performed at this point, and the cells were then fixed in cold 1%

glutaraldehyde in PBS for 5 minutes. The glutaraldehyde was thoroughly
washed out with PBS and non-specific binding blocked with 200 ¡rl/well of a

2% solution of normal horse and/or goat serum in PBS for 10 minutes at room

temperature. The choice of serum depended on the animal source of the

secondary antibody used in the assay. The blocking solution was discarded
and 50 pl of the primary antibody (neat tissue culture supernatant or a 1 in 500

dilution of ascites) added to each well for 30 minutes at 370C. The primary

antibody was discarded and the wells washed twice with PBS, taking care to

avoid any cross-contamination. The secondary antibody (biotinylated horse

anti'mouse lgG or anti-rat lgG, and/or biotinylated goat anti-mouse lgM (all

Vector Laboratories, California, USA), diluted 1 in 200 in 2Y" normal serum, 50
pl/well) was added for 15 minutes at 370C, and then washed off twice with

PBS. The next incubation was with 50 pliwell of a 1:1 mixture of avidin DH and

biotinylated horseradish peroxidase H (Vector Laboratories), diluted 1 in 100

in PBS plus 0.1% Tween 20,lor 15 minutes at 370C. Following 5 washes in

PBS, the cells were incubated with 100 ¡rl/well of 0.01o/o 2,2'-azinobis(3-

ethylbenzthiazoline sulfonic acid) (ABTS) (Sigma) plus 0.015o/" HzOz in 50mM

citrate buffer in PBS, pH 5.3, for 30 minutes at 37oC in the dark. A positive

result was revealed by a green colour change, which was quantified on a
Titertek multiskan MC (Flow Laboratories, Mclean, Virginia, USA) at 414 nm.
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4. Production of monoclonal antibodies (Kohler 1981)

Animals

Female Balb/c mice were used for immunisation and production of

immune ascites.

lmmunisation

Approximately 3 - 5 x 106 HUVEC were stimulated while still in their tissue

culture flasks with either 100 ng/ml of LPS or 4 Unitsiml of lL-1 for 4 hours at

370C. The cells were then eluted with 0.1% EDTA in sterile Hank's solution

and washed 4 times in plain RPMI 1640 at 10009 for 7 minutes to remove all

FCS. After resuspension in 0.5 ml of plain RPMI 1640 the cells were injected

intraperitoneally into a Balb/c mouse. This procedure was performed 28 and 3

days before the fusíon.

Fusion partner cell line

The murine cell line SP2/0-A914, which was originally produced as a sub-

clone of a hybrid between a Balb/c spleen cell and the myeloma cell line X63-

Ag8, was used as the partner for fusions. These cells are resistant to 20

micrograms/ml of $-azaguanine but die in HAT-supplemented medium, and

do not synthesise any immunoglobulin chains (Schulman et aI,1978)

Feeder cells

Thymocytes, aseptically isolated from the thymus' of young Balb/c mice,

were seeded in 50 microlitre aliquots at a concentration ol 4 x 10s cells/well

into the central 60 wells of 4 flat-bottomed 96 well microtitre plates the day

before the fusion, and incubated overnight at 370C.

Culture medium

Hybridomas were cultured RPMI 1640 plus 15% FCS supplemented with

either HAT (1 x 10¿M hypoxanthine, 4 x 1O-zM am¡nopterin, and 1 .6 x 1 0-5M



15

thymidine) or HT (1 x 10-4M hypoxanthine and 1.6 x 1O-sM thymidine). These

supplements were made up as 100x concentration and aliquots stored at

-7OoC until used.

Cell fusion

The immunised mouse was killed by ceruical dislocation and the spleen

aseptically removed. A single cell suspension was produced by teasing the

spleen through a sterile sieve in plain RPMI 1640, and washed 3 times. A total

of 1 x 10e spleen cells were mixed with 1 x 107 SP2/0-4914 cells and

centrifuged at 6009 for 7 minutes. The supernatant was carefully completely

removed by aspiration, and the cell pellet disrupted by "flicking". The tube was

placed in a water bath at 37oC and 0.7 ml of prewarmed 50% polyethylene

glycol 1500 (Merck, Munich, Germany) was added over 1 minute with gentle

stirring. The mixture was stirred for a further minute and 10 ml of plain RPMI

1640 at 37oC added over the next 5 minutes with continual stirring. A small

sample of the mixture was observed microscopically to determine if fusion had

taken place, and the remainder was centrifuged at 6009 for 7 minutes. The

pellet was resuspended in 15 ml of RPMI 1640 plus 15% FCS, and 50

microlitre aliquots were placed in the wells which had previously been seeded

with feeder cells. Plain medium was used to fill the outside wells of the plates,

and they were incubated overnight at 370C. The next day 100 pl of 2 x HAT

medium was added to each well, and from then on the wells were observed

daily for growth of hybridoma colonies.

Screening of fusions

At 7 to 14 days after fusion supernatant was taken from the wells

containing hybridoma colonies and assayed by cellular ELISA against

cultured HUVEC for the presence of specific antibodies. The supernatants

were screened in parallel against both unstimulated and LPS- or lL-1-

stimulated HUVEC (depending on the stimulant used on the immunising cells)

to detect antibody against antigens more highly expressed by activated

HUVEC. Hybridomas of interest were then expanded, cloned, and the cells

trozen and supernatant kept for further testing. The culture medium was

changed to HT supplemented after 10 to 14 days, and several days later both

the hypoxanthine and thymidine were omitted.
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Cloning of hybridomas

Hybridomas were cloned by limiting dilution in flat-bottomed 96 well

microtitre trays containing mouse thymocytes as feeder cells. Thirty six wells

were seeded with viable hybridoma cells at a concentration of 5 cells/well, 36

wells at 1 cell/well, and 24 wells at 0.5 cells/well. After 3 to 4 days of culture,

the number of colonies in each well were counted, and when they were of

sufficient size (day 7lo 10 usually), the supernatants were assayed again for

antibody against HUVEC by the cellular ELISA. A colony from a single colony

well was grown up and recloned, and the hybridoma was considered to be

monoclonal when all wells containing hybridoma cells produced supernatants

containing anti-HUVEC antibody. The cells of a positive well containing a

single colony were then expanded for cryopreservation and production of

tissue culture supernatant and immune ascites.

Cryopreservation of cells

Approximately 10 ml of well-grown culture was centrifuged at 6009 for 7

minutes and the pellet resuspended in 1 ml of RPMI 1640 plus 15% FCS. An

equal volume ol 2Ol" dimethyl sulphoxide (Ajax chemicals, NSW, Australia) in

the same medium was added dropwise to the cell suspension at 4oC while the

tube was shaken. The mixture was placed in cryotubes (Nunc, Denmark) and

Írozen at a controlled rate in a Handi-Freeze freezing tray (Union Carbide).

The ampoules were stored in the liquid phase of liquid nitrogen in a Union

Carbide 35VHC liquid nitrogen tank until used.

Preparation of immune ascites

Balb/c mice were injected twice, one week apart, with 0.5 ml of Pristane

(2,6,10, 1 4-tetramethylpentadecane, Aldrich Chemical Company, Wisconsi n,

USA). Three days after the second injection, they were injected

intraperitoneally with 2 x 10e washed hybridoma cells suspended in plain

RPMI. The mouse was inspected daily and when it developed marked

abdominal distension (usually after 6 to 10 days), the mouse was sacrificed

and the ascites aspirated by incising the peritoneal membrane. The sample

was centrifuged and the ascites aspirated and stored at -700C until required.
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lsotvping of antibodies

The isotypes of the monoclonal antibodies produced as a part of this

thesis were determined using a Serotec MMT RC1 isotyping kit (Serotec,

Oxford, England).

5. Methods for immunoprecipitation studies

Lactoperoxidase catalysed cell surface iodination

Reagents:

(1) high buffer PBS - NaCl 3.85 gm, NazHPO¿ 1.135 gm, and KH2PO4

0.27 gm made up to 500 ml with distilled water.

(2) 1/1000, 1/3000, 1/9000, and 1127000 dilutions of 30% H2O2 in

distilled water.

(3) lactoperoxidase (Calbiochem, La Jolla, California, USA), 0.2 mg/ml in

high buffer PBS.

(4) 12sl as sodium iodide (New England Nuclear Products, Boston, USA).

(5) PBS plus 0.O2% sodium azide and 1mM potassium iodide at 4oC.

Method:

The cells to be labelled were isolated and washed 3 times ín high buffer

PBS to remove extraneous protein. HUVEC were detached from the tissue

culture flasks by 0.1% EDTA alone. The number of cells varied from about 1 x

107 HUVECto2 _ 5 x 1Ot ol a cell lineto 1 x 1ge platelets. They were

resuspended in 200 pl of cold (40C) high buffer PBS, and mixed with 75 ¡rl of

lactoperoxidase solution and 0.5 mOi of sodium iodide (as tzs¡¡. At one minute
intervals, 10 pl of increasing concentrations of H2O2 were successively added

to the mixture. One minute after the addition of the 1/1000 dilution of H2O2, the

cells were flooded with excess cold PBS plus sodium azide and potassium

iodide, and then washed 3 times ín the same solution.

Detergent solubilisation of labelled cell surface molecules

Following washing, the pellet of 12sl-labelled cells was resuspended in 1

ml of lysis buffer (0.5% Triton X-100 [Biorad, Richmond, California, USA] in

PBS) and incubated on ice for 60 minutes. The mixture was then centrifuged

at 25009 for 5 minutes to pellet the nuclei and cell debris.
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lmmunoprecipitation using staphylococcus aureus cells

The lysate remaining after solubilisation was precleared for 60 minutes at

4oC with 200 pl of 10T" suspension of Staphylococcus aureus, Cowan Strain I

cells (Pansorbin, Calbiochem) to remove proteins which bind non-specifically

to staphylococcal cells. Atter centrifugation to remove the staphylococci,

antibody (supernatant 200 pl, ascites 5 pl) and 5 pl of rabbit anti-mouse lg or

20 ¡tl of rabbit anti-rat lg (Dakopatts, Denmark) were added to the lysate and

incubated at 4oC overnight. Two hundred pl of the 10% suspension of

Staphylococcus aureus cells plus 1 mg/ml ovalbumin was then added and

incubated at 4oC for 60 minutes. The cells were then washed 3 times in SAC

buffer (PBS plus 0.5% Triton X-100, SmM potassium iodide, and O.O2Y.

sodium azide) at 40C, and the dried pellet stored at -700C until required for

electrophoresis.

Preparation of samples for electrophoresis

(a) Samples for one-dimensional sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE)

Reagents

SDS-sample buffer -Trizma base 3.8 gm (62mM) (Sigma)

- glycerol 50 ml (10%) (Ajax Chemicals)

- SDS 11.5 gm (0.2%) (BDH Chemicals, Victoria,

Australia)
- dithiothreitol 3.9 gm (50mM)(Biorad)

Distilled water to 500 ml

pH to 6.8 with concentrated HCI

Store at 4oC

Dithiothreitol is left out for non-reducing gels

Method
Resuspend sample pellets in 100 pl of sample buffer, plus one tube

containing sample buffer and molecular weight standards. The tubes are then

heated in a boiling water bath for 5 minutes, and the staphylococcal cells are

centrifuged out. The resulting supernatants are then ready for loading into the

wells of the prepared slab gel (see below).
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(b) Samples for two-dimensional PAGE

Reagents

lsoelectric focussing (lEF) sample buffer
- urea 5.7 gm (9.5M) (Biorad)

- Triton X-100 0.2 ml (2%'¡

- pH 5 - 7 ampholines (LKB, Sweden) 0.4 ml

- pH 3.5 - 10 ampholines (LKB) 0.1 ml

- dithiothreitol 78 mg (50mM)

Distilled water to 10 ml

Stored in 200 pl aliquots at -700C until required

Method
Resuspend pellet in 50 pl of sample buffer for 60 minutes at room

temperature, and then centrifuge out cells. The resulting supernatant is ready

to be loaded onto the top of a tube gel for lEF.

Preparation of gels for eleclrophoresis

Reagents

(1)30% acrylamide for SDS gels

- acrylamide (Biorad) 300 gm

- bis-acrylamide (Biorad) 8.2 gm

Distilled water to 1027 ml

Filter through filter paper and store at 4oC protected from

light

(2) 30% acrylamide for IEF gels

- acrylamide 14.2 gm

- bis-acrylamide 0.8 gm

Distilled water to 50 ml

Filter through filter paper and store at 4oC protected from

light

(3) Lower gel buffer
- Trizma base 182 gm (1.5M)

- SDS 4 gm (0.4%)

Distilled water to 900 ml

pH to 8.8 with concentrated HCl, then make up to 1000 ml

Store at 4oC
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(4) Upper gel buffer
-Trizma base 30 gm (0.5M)

- SDS 2 gm (0.4%)

Distilled water to 400 ml

pH to 6.8 with concentrated HCI, then make up to 500 ml

Store at 4oC

SDS slab gels for one dimensional gel electrophoresis

The slab gel apparatus was assembled and the lower resolving gel

poured usually at least 12 hours before use. The concentration of acrylamide

in the resolving gel was determined by the molecular weight of the antigens to

be examined eg a 5"/. acrylamide gel covers the molecular weight range 70 to

200 kilodaltons (kD), and a7.5"/" gel covers 40 to 150 kD. The propoltion of

30"/. acrylamide stock solution was therefore adjusted accordingly and added

to a mixture of lower gel buffer (25%) and distilled water, followed by (for a 5T"

gel) 80 ¡rl of 10% ammonium persulphate (Biorad) and 40 pl of N,N,N',N'-

tetramethylanediamine (TEMED) (Biorad) to induce polymerisation. The lower

gel was poured, overlayed with N-butanol (Sigma), and allowed to polymerise

at room temperature. This typically took about 60 minutes, but was generally

left overnight.

The stacking gel mixture consisted ol 2.5 ml of upper gel buffer, 5.9 ml of
distilled water, 1.6 ml of 30% acrylamide, 30 pl of 10% ammonium

persulphate, and 10 ¡rl of TEMED. The N-butanol was aspirated from the lower

gel, and the stacking gel poured with a teflon comb inserted to form the

sample wells. The mixture was allowed to polymerise at room temperature,

typically in about 30 minutes.



21

Tube gels for first dimension (lEF) of two-dimensional PAGE (O'Farrell 1975)

Gel mixture
- urea 2.75 gm (9.2M)

- 30% acrylamide solution 0.67 ml (4% acrylamide)
- 10% Triton X-1O0 (2%)

- distilled water 1 ml
- pH 5 - 7 ampholine 200 pl

- pH 3.5 - 10 ampholine 50 pl
- 10% ammonium persulphate 7 pl
- TEMED 4.5 pl

These quantities are sufficient to make 9 tube gels

Method

Tube gels were cast in 150 mm length borosilicated tubes of 1.5 mm
internal diameter (Biorad), capped at the lower end with 4 layers of Parafilm
(American Can Company, Connecticut, USA). The gel mixture was heated
slightly to ensure dissolution of the urea and a 12 cm long gel poured into

each tube using an 20 cm needle and syringe, taking care to ensure that no

air bubbles were trapped in the mixture. The mixture was overlayed with

distilled water and allowed to polymerise at room temperature (approximately
45 minutes). The water overlay was then "flicked" off and replaced by 20 pl of

IEF sample buffer.

Elect rophoresi s p rocedu re

(a) SDS-PAGE

Reagents

SDS running buffer (10 x stock)

- Trizma base 303 gm

- glycine 1440 gm (Sigma)

- SDS 100 gm

Distilled water to 10 litres

Store at room temperature

Composition when diluted 1:10 - Tris 25mM
- glycine 190mM

- 0.1% sDS
- pH 8.3
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Method

After polymerisation of the stacking gel, the teflon comb was removed and

the wells washed 3 times with distilled water to remove any unpolymerized gel

mixture. Fifty pl of the samples were added to the wells, with molecular weight

standards added to one or two wells and an equal volume of SDS sample

buffer added to any unused wells. The samples were then carefully overlayed

with SDS running buffer, an upper tank fitted, and the whole apparatus placed

in a gel electrophoresis tank (Biorad) containing SDS running buffer. The

upper tank was filled with SDS running buffer containing 200 pl of 0.1T"

bromophenol blue (Biorad) as tracking dye. The gels were electrophoresed at

30 mA/gel (constant current) until the bromophenol blue tracking line was

within 1 cm of the bottom of the gel.

(b) Two-dimensional PAGE

First dimension

Reagents

Anode electrode solution
- 85% orthophosphoric acid 1.35 ml (0.01M) (Ajax

Chemicals)
- distilled water 2 litres

Cathode electrode solution
- NaOH 0.8 gm (0.02M)

- 1 litre distilled water

Boil water for 10 minutes, add NaOH in 5 ml of distilled

water, boil for additional 5 minutes. Allow to cool.

Method

A cylindrical gel tank (Biorad) was filled with the anode electrode solution

The overlay was "flicked" off the tube gels, they were fitted into the apparatus,

and overlayed with a fresh 20 ¡tl of IEF sample buffer and then NaOH cathode

solution. The top tank was filled with cathode electrode solution to cover the

tubes, and the apparatus connected to the power pack and pre-run for 15

minutes at 200 V, 30 minutes at 300 V, and 30 minutes at 400 V. The tops of

the tubes were exposed and the overlay and buffer removed by aspiration.

Twenty five pl of the sample was applied, then 10 pl of IEF sample buffer

diluted 1:1 with distilled water, followed by NaOH cathode electrode solution.

One tube was run without sample for later determination of pH gradient. The
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top tank was refilled with cathode electrode solution, and electrophoresis was

performed for a total of 4800 volt-hours (constant voltage). The voltage was

then turned up to 800 V for 60 minutes, and then turned off.

Second dimension

The tube gels were gently extruded and equilibrated in 5 ml of SDS

sample buffer (with or without dithiothreitol) for 2 hours at room temperature

with rocking. They were then placed onto a slab polyacrylamide gel which had

been prepared as above except that a comb had not been used to produce

wells in the stacking gel (apart from one for molecular weight markers). The

gel was overlayed with SDS running buffer and electrophoresis proceeded as

above. The tube gel without sample was cut into 1 cm pieces which were

placed into 1 ml each of distilled water, and the pH of each piece determined

to map the pH gradient in the first dimension.

Staining and destaining of gels

Reagents

(1) Staininn to'"]äomassie 
brue R25o (Biorad) 2 gm

-50% trichloroacetic acid (Ajax Chemicals) 2000 ml

Stirred overnight and stored in a plastic bottle

(2) Destaining solution
- methanol (Ajax Chemicals) 2000 ml

- glacial acetic acid (BDH Chemicals) 700 ml

- water 7300 ml

Stored at room temperature

Method

The gels were removed from the electrophoresis apparatus, placed into

plastic dishes containing the staining solution, and rocked lor 20 minutes. The

staining solution was then poured off and the gels destained with 2 to 3
changes of destaining solution over several hours or overnight. The gels were

placed on filter paper, covered in Glad-wrap, and dried on a Biorad slab gel

dryer.
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Autoradiography

In a darkroom, the gels were placed against Kodak X-omat AR film inside

a Kodak X-omatic film cassette. The films were exposed to the gels for varying

lengths of time at -700C, and developed in a Kodak X-omat developer at the

Department of Radiology, The Queen Elizabeth Hospital.

6. "Western blotting" (Burnette 1981)

E lectrophoretic transfer

Reagents

(1) Transfer buffer
- Tnzma base 1 5.1 5 gm (25mM)

- glycine 72 gm (192 mM)

- methanol 1 litre (20%) (optional, added if wishing to
transfer low molecular weight proteins)

Distilled water to 5 litres

(2) "Blotto" blocking solution

- non-fat dried skim milk powder 25 gm

PBS to 500 ml

Method

The SDS-PAGE slab gel was prepared as described above except that
detergent solubilised membrane extracts from unlabelled cells were

electropho resed without specific immunoprecipitation. The lysate obtai ned

from a minimum ol 2 -3 x 106 cells was used for each lane. Two lanes were

reserved for molecular weight markers, and these were excised from the gel

and stained separately with Coomassie blue for later use in determining the
molecular weight of the blotted bands. The remaining gel was equilibrated in

transfer buffer for 30 minutes, and then placed within a "sandwich" consisting

of a Scotch-BriteR pad (Biorad), 3 thicknesses of filter paper, the gel, a
nitrocellulose sheet (Biorad), 3 further thicknesses of filter paper, and another
Scotch-BriteR pad, all of which had been prewetted with transfer buffer. The

sandwich was placed in a plastic holder and inserted into a Biorad "Trans-

Blot" apparatus with the nitrocellulose membrane facing the anode. The tank
was filled with transfer buffer and the transfer performed at 30 V overnight, and

for another 1 - 2 hours at 60 V if the buffer contained methanol.
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Detection of membrane proteins

Following transfer, the nitrocellulose membrane was placed in "Blotto"

blocking solution for 60 minutes to saturate remaining protein binding sites,

and then cut into strips corresponding to the SDS-PAGE lanes. The strips

were incubated overnight in antibody (neat tissue culture supernatant or

ascites diluted 1:500 in Blotto) at room temperature, then washed 3 times for

15 minutes each in excess Blotto. The strips were then incubated for 60

minutes in a 1:200 dilution of biotinylated anti-mouse lgG (Vector

Laboratories) at room temperature, followed by 3 further washes in Blotto. The

next incubation was in a 1:100 dilution of a 1:1 mixture of avidin DH and

biotinylated horseradish peroxidase H (Vector Laboratories) for 60 minutes at

room temperature, and another 3 washes in Blotto. Finally, any blotted bands

were revealed by pipetting a solution of 0.5 mg/ml diaminobenzidine

tetrahydrochloride (Sigma) and 0.01"/o hydrogen peroxide in 0.05M Tris-HCl

buffer (pH = 7.2) onlo the strips layed out on a glass plate. A positive reaction

was readily detected by a brown stain. The molecular weight of positive bands

was estimated using the molecular weight markers excised from the original

slab gel. The strips were dried, mounted, and photographed if desired.

7. Stimulation of lymphocytes in culture

Mixed lymphocyte culture (MLC)

A number of 2-way MLCs were performed in this thesis to study the

inhibitory effects of monoclonal antibodies. The blood donors were healthy

individuals who had previously been Hl-A-typed, and pairs of donors were

chosen that were completely HLA-DR disparate to maximise the lymphocyte
proliferation.

Mononuclear cells from the donors were prepared aseptically and

resuspended at a concentration of 1 x 100 cells/ml in MLC culture medium

(RPMI 1640 medium plus 20% heat-inactivated human AB serum). Aliquots of
100 pl of each of the donor cells were mixed together in the wells of a round-

bottomed 96 well microtitre plate (Disposable Products, Adelaide, South

Australia). Dilutions of monoclonal antibody ascites were also added at this
stage (in replicates of 6), and the cells were cultured at 370C. On day 4 of
culture the wells were each pulsed with 1 ¡rOi of tritiated thymidine
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(Amersham, UK). After a further 20 hours of culture the cells were haruested

with a Skatron cell harvester (Flow Laboratories) and the incorporated counts

measured in a Beckman LS 2800 beta counter (Beckman, Palo Alto,

California, USA). The results were expressed as an average of the six

replicates and as the percentage inhíbition with the test ant¡body compared to

an irrelevant control antibody.

Mixed lymphocyte-endothelial reaction (MLER) (Hirschberg et al, 1975)

Cultured HUVEC will induce proliferation of allogeneic lymphocytes in the

MLER (see section 2.1), and the inhibitory effects of monoclonal antibodies

were examined in this thesis. lt was not practical to HLA-type the HUVEC used

in these assays, so the degree of HLA disparity between them and the donor

mononuclear cells was unknown.

HUVEC were plated onto a gelatin-coated flat-bottomed 96 well microtitre
plate at 2 x 10¿ cells/well in 100 pl of medium, and cultured overnight to form a

confluent monolayer covering the base of the well. Donor mononuclear cells

were isolated as before and resuspended at a concentration of 1 x 10e cells/ml

in MLER medium (which is identical to the standard HUVEC culture medium

but contains heat-inactivated human AB serum instead of FCS). Aliquots of
100 pl of cells were added to the wells containing HUVEC in the same volume

of medium, plus the appropriate dilutions of monoclonal antibody ascites (in
replicates of 6). The plate was cultured at 37oC and the wells pulsed on day 6

with 1 pOi of tritiated thymidine. After a further 20 hours of culture, the cells

were harvested with a Skatron cell harvester and the incorporated counts

measured in a Beckman LS 2800 beta counter (Beckman). Control wells

containing HUVEC alone and mononuclear cells alone showed that these

cells in isolation were minimally proliferative at this time. The results were

expressed as an average of the 6 replicates and as the percentage inhibition

with the test antibody compared to control antibody.

L Cell adhesion assays

Cell adhesion to extracellular matrix (ECM) comoonents

The wells of a flat-bottomed 96 well microtitre plate were incubated
overnight at room temperature with 10 pgiml fibronectin (Boehringer

Mannheim), 100 pg/ml collagen type I (Sigma), 100 pg/ml collagen type lV
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(Sigma), 20 pglml laminin (Sigma) or 0.5"/" gelatin (all diluted in sterile Hanks

buffered salt solution). Following washing with PBS, the wells were blocked

with 1% bovine serum albumin in PBS for 60 minutes at room temperature,

and then washed again with PBS. HUVEC were eluted from their tissue

culture flasks with 0.1% EDTA in sterile Hanks, centrifuged twice in plain RPMI

1640, and resuspended in RPMI 1640 at a concentration of 2 x 10s cells/ml.

Monoclonal antibody was added to cells as dilutions of ascites, and incubated

with mixing for 10 minutes at room temperature. One hundred microlitres (ie 2

x 10¿ cells) were added to each well, and incubated at 370C for 2 hours. Non-

adherent cells were washed off by inversion of the plate and "flicking",

followed by washing with PBS, and repeating twice. Adherent cells were

quantified by counting the number remaining in 5 random high power fields in

each well, and expressed as a percentage of the adherent cells in the control

wells. All experiments were performed in duplicate.

Cell adhesion to cultured HUVEC

The adherence of various cell types to cultured HUVEC was quantified by

labelling the cells with srChromium (Cr) (New England Nuclear). ln this assay,

the added cells and the HUVEC could be separately stimulated, and the

effects of monoclonal antibodies directed against either could be measured.

Cultured HUVEC were plated onto gelatin-coated flat-bottomed 96 well

microtitre plates as before and cultured overnight to confluence. ln some

assays, the HUVEC were stimulated with varying concentrations of either lL-1

or LPS for various times (then washed off 3 times with medium) before the

adhering cells were added. LPS was used most frequently, but its effects on

cultured HUVEC are very similar to those of lL-1 and tumour necrosis factor

(TNF) (see discussion in sections 2 and 4). The cells to be studied were

isolated and resuspended in RPMI 1640 plus 5% FCS at a concentration of 10

x10e/ml. They were labelled with srCr (10 pOi/100 cells) for 60 minutes at 37oC

with continual mixing on a rotating plate, followed by washing 3 times in RPMI

1640 plus 1% FCS. The labelled cells were resuspended in the washing

medium at a concentration ol 2 x 10e cells/ml, and 100 ¡rl of the cell

suspension (ie 2 x 10s cells) was added to the wells containing HUVEC. ln

addition, 4 aliquots of 100 pl of the labelled cell suspension were placed in

Wasserman tubes (Disposable Products) for counting to determine the mean

activity of the total number of cells added to each well. ln studies where the

added cells were stimulated with phorbol 12-myristate 13-acetate (PMA)
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(Sigma), this was included in the wells at the time of addition of the cell

suspension, and the stimulation took place during the subsequent incubation.

Studies of the inhibition of cell adhesion with monoclonal antibodies were
performed in two ways. When the antibody bound to an epitope on the

adherent cells, it was included (as the appropriate dilution of ascites, typically
1:500) at the same time as the cells were added to the HUVEC-coated wells.

Antibodies directed against HUVEC were added to these cells for 60 minutes,

before the addition of the adherent cells, then washed off 3 times. The

adherent cells and HUVEC were incubated together for 60 minutes at 370C.

The wells were then topped up with RPMI 1640 plus 1% FCS and the top of
the plate sealed with acetate plate sealer (Flow Laboratories). lt was then

centrifuged in an inverted position at 1509 for 5 minutes so that the centrifugal

force would dislodge the non-adherent cells from the HUVEC monolayer.

Keeping the plate in an inverted position, the dislodged cells were "flicked" off,

the plate righted, and the wells inspected under an inverted phase contrast

microscope (Nikon, Tokyo, Japan) to ensure that the HUVEC monolayer was
intact. The labelled adherent cells were lysed with a solution of 11" Triton X-
100 in PBS (200 pllwell) for 30 minutes at room temperature, and the lysate

then transfered by pipette to Wasserman tubes for counting in a gamma

counter (LKB Wallac 1282 Compugamma, Sweden). All experiments were
performed in quadruplicate, and the mean counts of adherent cells in each
group expressed as a percentage of the mean counts of the total number of

cells added to the individual wells.

Homotypic cell agg regation

The effects of monoclonal antíbodies on the spontaneous and PMA-

stimulated aggregation of cells was examined using a simple semi-
quantitative assay.

The cells were isolated and resuspended at a concentration of 1 x 10e

cells/ml in RPMI 1640 plus 10% FCS with pipetting to break up any
spontaneously formed aggregates. Aliquots of 100 pl of the cell suspension

were placed in the wells of a flat-bottomed 96 well microtitre plate and

incubated at 370C. lf PMA or monoclonal antibodies (dilutions of ascites) were

to be included in the assay they were added at this t¡me. The wells were

observed at various time intervals with an inverted phase mícroscope and the
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degree of aggregation scored semi-quantitatively according to the following

scheme:
no aggregation

< 25Vo of cells aggregated

25 - 50% of cells aggregated

> 50"/o of cells aggregated

all cells aggregated

+

++

+++

++++
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Cultured HUVEC on the bottom of a tissue culture flask (photographed under

an inverted phase contrast microscope, magnification x100)

lsolated cultured HUVEC, positive brown staining for factor Vlll antigen

(indirect immunoperoxidase, x200)

a
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Weibel-Palade bodies in cultured HUVEC (transmíssion electron microscopy,
magnification x40,000)
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lntroduction

Endothelial cells line all the blood vessels in the body, and they form a
continuous organ with a surface area in an average adult of greater than
1000m2 and weight of more than 1009m (Jaffe, 1987). ln most parts of the
body they are thin, flattened cells that form a continuous lining separating the
blood from the extravascular tissue. However, in the specialised post-capillary
venules of lymphoid organs and at some inflammatory sites they have a
plumper, cuboidal appearance and bulge into the vessel lumen. These "high
endothelial venules" (HEV) will be discussed in more detail in section 4.

The junctions between endothelial cells are usually 10 to 200 nm wide,
but can be outside this range in certain tissues (Kaiser and Sparks, 1987). ln
the brain, testes, and some regions of the thymus the junctions are tight
barriers to exchange between the blood and parenchyma. In contrast, the cells
lining the glomerular capillaries are separated by gaps of approximately 700
nm that allow the passage of even large molecules. At sites of inflammation
the permeability of the endothelial cell lining is increased, which allows the
exudation of fluid and proteins and the ready extravasation of leucocytes. The
latter contrasts with the infrequent movement of cells from the blood during
health. The basement membrane beneath the endothelium forms both a
support structure and a secondary barrier to the passage of cells from the
blood. This specialised meshwork of extracellular matrix molecules is

manufactured by the endothelial cells themselves.
This chapter is a general introduction to endothelial cells and reviews

some of their important functions that will not be covered in later chapters.
These include their role in coagulation and thrombosis, and an overview of
some of the substances synthesised by the endothelium. An effort has been
made to concentrate on those that are relevant to the immune response.

A number of techniques exist for studying endothelial cell functions, and
those relevant to this thesis will first be briefly reviewed.

Studying the endothelium in vitro

The endothelium of intact blood vessels can be studied by examining
sections cut from tissue from vascularised organs. lmmunofluorescence or
immunoperoxidase techniques utÍlising specific antibodies will readily identify
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the antigens expressed by the endothelium, and can be used to detect

changes that occur during pathological states such as inflammation.

Endothelial cells from a number of sources can be maintained in culture,

and this is a useful method for studying a number of their functions. However,

these cells have a limited life span in culture and usually require special

conditions to maintain them in a healthy state. Unfortunately, attempts to

develop an immoftalised endothelial cell line have had limited success.
Human endothelial cells transformed with Simian virus 40 DNA (Gimbrone

and Fareed, 1976) or murine sarcoma virus (Faller et al, 1988) have not

retained enough of their original characteristics to serve as a generally

applicable alternative to non-transformed cells. A hybrid cell line has been

created by the fusion of primary human umbilical vein endothelial cells with

cells of a human lung carcinoma line (Edgell et al, 1983), and it retains a
number of the characteristics of normal endothelium, including the expression

of von Willebrand Factor, tissue-type plasminogen activator, and plasminogen

activator inhibitortype 1 (Emeis and Edgell, 1988). A murine line obtained by

infecting endothelial cells from lymph node stroma with simian virus 40 has

also recently been reported (O'Connell and Edidin, 1990). lt retainsa number

of the typical characteristics of endothelial cells, including the expression of

factor Vlll-related antigen. However, as yet no transformed cell line has

received general acceptance for the study of human endothelial cells, and

most work continues with non-transformed cells.

Endothelial cells have been successfully isolated from a variety of tissues.

Animals are a convenient source, and a significant proportion of endothelial
cell research has been performed on serially cultured bovine cells, particularly

from the aorta. These cells can be reliably cultured in standard media

supplemented with 10% foetal calf serum, and preserve their endothelial
phenotypes for many population doublings ( Mueller et al, 1980). Cells from

large vessels such as this are haruested by enzyme digestion (usually

collagenase). h
Human microvascular endothelial cells can be isolated from the foreskin

(Davison et al, 1980), omentum (Anders et al, 1987), or adipose t¡ssue (Kern

et al, 1983). These microvascular cells do not require supplementary growth

factors in the culture medium and retain their endothelial phenotype for
extended periods, but overgrowth with fibroblasts is generally a problem. They

are usually isolated by collagenase digestion of the particular tissue, followed

by selective adherence of the endothelial cells to t¡ssue culture vessels.
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Human large vessel endothelial cells are most commonly harvested from

umbilical veins, but have also been obtained from the aorta, pulmonary artery,

or saphenous vein. Umbilical veins are the most convenient source, and again

the cells are usually harvested from the lining of the vessel by collagenase
digestion (Jaffe et al, 1973a, Gimbrone et al, 1974). These cells are more

fastidious than those obtained from other sources, and require a higher
proportion of foetal calf serum in the medium plus supplementary growth

factors to maintain them for more than just the shoft term. They are slow
growing and eventually lose their characteristic phenotypes and functions with

long-term culture. Despite these difficulties, human umbilical vein endothelial
cells (HUVEC) remain the most frequent cells used for research, and the

information obtained has consistently closely matched that derived from

studying the endothelium by other methods.

A specific endothelial cell growth factor (ECGF) has been purified from

bovine hypothalamus, after finding that HUVEC grew better if high

concentrations of bovine brain or pituitary fibroblast growth factor was added

to the medium (Maciag et al, 1979). Specific cell sudace receptors for ECGF
have been found on murine and human endothelial cells and fibroblasts
(Schreiber et al, 1985a). The proteoglycan heparin potentiates its mitogenic
activity (Thornton et al, 1983), and binds to it specifically (Maciag et al, 1984).

Heparin also restores biological activity to ¡nactivated ECGF, enhances its

affinity for its cell surface receptors, and modifies antibody recognition of
ECGF, suggesting that it induces a conformational change in the molecule that
increases or stabilises its biological activity (Schreiber et al, 1985a).

Purification of ECGF using heparin-sepharose affinity chromatography yields

a mixture of two single-chain polypeptides with apparent molecular weights of
17kD (a-ECGF) and 20kD (B-ECGF) (Burgess et al, 1985). These belong ro a

family of polypeptide growth factors, along with acidic fibroblast growth factor
and bovine eye-derived growth factor ll (Schreiber et al, 198Sb). ECGF and
heparin are now routinely used in the serial propogation of HUVEC in long-

term culture.

Other endothelial cell mitogens have also been described. A platelet-

derived endothelial cell growth factor was recently purified and cloned
(lshikawa et al, 1989). The main source is platelets, and it differs from bovine
ECGF in that it does not bind to heparin or stimulate fibroblast proliferation. lt

does stimulate endothelial cell grovtrth as well as chemotaxis in vitro, and

stimulates angiogenesis in vivo. The haematopoietic growth factors
granulocyte-colony stimu lati ng factor (G-CSF) and granulocyte-monocyte-
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colony stimulating factor (GM-CSF) also influence the migration and
proliferation of human endothelial cells (Bussolino et al, 1989). Sera from
patients with diabetic proliferative retinopathy stimulate human endothelial cell
proliferation (Petty et al, 1988). The unídentified causative factor(s) is heat

stable and has a molecular weight of less than 15k0.
In contrast, transforming growth factor-B (TGF-p) inhibits endothelial cell

regeneration following wounding (Heimark et al, 1986), and inhibits grourth

factor-induced proliferation and motility in tissue culture (Muller et al, 1987).
Endothelial cells express specific TGF-p receptors. lt has been postulated that
its effect is due to decreasing the level of expression of growth stimulating
genes, and therefore altering the cell's response to growth stimulatory factors
(Takehara et al, 1987).

These positive and negative influences on endothelial cell growth may
have important roles in vívo in situations where angiogenesis occurs, such as

wound healing, re-endothelialisation of vessel wall defects, and tumour
growth.

HUVEC grow as adherent monolayers of closely apposed, polygonal
cells, which gives a characteristic "cobblestone" appearance to the culture. ln
contrast, fibroblasts and smooth muscle cells grow as overlapping arrays of
slender, spindle-shaped cells, which are easily distinguishable from the
HUVEC (Jaffe et al, 1973a). Fibroblasts contaminating HUVEC cultures will
proliferate faster and eventually take over the culture.

The HUVEC are most commonly grown on gelatin-coated tissue culture
plastic, but can be well maintained on fibronectin, collagen, or plastic alone.
They can be detached by brief exposure to 0.1%EDTV0.12s%rrypsin. The
exposure to trypsin must be kept to less than 2-3 minutes otherwise it will
digest the cell membrane and decrease viability (Gimbrone et al, 1974).

0.1%EDTA alone for several minutes will also detach the adherent cells. They
can be subcultured repeatedly, but eventually their phenotypic characteristics
alter and they are steadily less able to form confluent monolayers.

HUVEC can be distinguished from non-endothelial cells by several
criteria apart from their characteristic appearance. Endothelial cells synthesise
and express fac{or Vlll antigen and von Willebrand factor (vWF) in vivo and in
vitro (Jaffe et al, 1973b, Jaffe et al, 1974), and these markers can be localised
by immunofluorescence or immunoperoxidase techniques using specific
antíbodies. Another specific marker of endothelium is the Weibel-Palade body
(Weibel and Palade, 1964), which is a rod-shaped tubulated structure found in

the cytoplasm by electron microscopy. These organelles are the intracellular
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storage site for vWF (Wagner et al, 1982) and granule membrane protein-140
(GMP-140) (McEver et al, 1989), which is also found in platelets (see section

4). Both of these proteins rapidly translocate to the cell surface after activation

of the endothelial cells (Hattori et al, 1989). Cultured endothelial cells express
ABO blood group antigens, unlike fibroblasts or smooth muscle cells (Jaffe et

al, 1973a). Another histological marker for endothelial cells is the Ulex
europaeus I agglutinin, a lectin specific for some c-L-fucose-conta¡ning

glycocompounds (Holthofer et al, 1982). This specific binding has been

utilised by some investigators to purify endothelial cells from a mixed culture of
cells.

The study of endothelial cells using these techniques has yielded

considerable information about the role of the endothelium in homeostatic
processes. They are metabolically active cells which possess the necessary

organelles for the processing and synthesis of proteins and a number of

bioactive substances. The majority of this thesis concerns the cell surface

molecules involved in endothelial interactions with leucocytes and the
extracellular matrix, and how they participate in the immune response to a
vascularised allograft. The endothelium is also intimately involved in the
important processes of coagulation and thrombosis, and this function will be

briefly reviewed because it is of some relevance to allograft rejection.

The endothelium in coagulation and thrombosis

The endothelium actively contributes to the control of clotting, platelet

activation, and clot dissolution. lt normally presents a non-thrombogenic

surface, and is non-adherent for unstimulated platelets.

There exist two distinct endothelial mechanisms for prevent¡ng activation

of the coagulation system. The first is the synthesis of antithrombin lll (Chan

and Chan, 1979), which binds to heparan sulphate on the cell surface (Stern

et al, 1985a). This dramatically enhances the ability of antithrombin lll to
inactivate thrombin, by forming a covalent thrombin-antithrombin complex
which is then rapidly cleared by the liver (Lollar and Owen, 1980). The second
mechanism is the synthesis of thrombomodulin, which binds to thrombin and
so decreases its ability to catalyse clot formation on the cell surface (Esmon,

1987). This event also markedly enhances the thrombin-induced activation of
protein C, which acts as an anticoagulant by inactivating factors Va and Vllta,
two of the regulatory proteins of the coagulation pathway. These two proteins

are required for the normal function of two coagulation proteases, lXa and Xa
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(Esmon, 1987), both of which can also bind to endothelial cells (Stern et al,
1e83).

The endothelium can also influence coagulation by actively modifying its
interactions with platelets. The synthesis of prostacyclin (PG12) by endothelial
cells (Weksler et al, 1977) ís stimulated by numerous substances and events,
including thrombin (weksler et al, 1978), leukotriene C (Cramer et al, 1gg3),
and ímmunological injury (Goldsmith et al, 1984). Prostacyclin inhibits the
adhesion of stimulated platelets to the endothelium (Fry et al, 19go). lts
synthesis is inhibited by aspirin (Jaffe and Weksler, 1979) and other non-
steroidal antiinflammatory drugs such as indomethacin (Weksler et al, 1g77).
Aggregating platelets release adenosine diphosphate (ADP), which recruits
other platelets into the platelet plug, and adenosine triphosphate (ATP), which
is a vasodilator. Their effects are modulated by rapid metabolism by
ectoenzymes synthesised by the endothelium (Pearson et al, 1gB0).

The endothelium pafticipitates in fibrinolysis by synthesising the two
forms of plasminogen activator, urokinase-type and tissue-type (which is
active only after binding to fibrin) (Loskutoff and Mussoni, 1gg3), as well as
their receptors (Miles et al, 1988). The two plasminogen activators are
protected from their inhibitors when bound to these receptors. They cleave
plasminogen to form plasmin, the principal fibrinolytic enzyme. Tissue type
plasminogen activator release is stimulated by thrombin (Levin et al, 1984).
Endothelial cells also secrete plasminogen activator inhibitor, which is partly
neutralised by protein C (Esmon, 1987), enhancing fibrinolysis. Lipoprotein (a)

interferes with endothelial cell fibrinolysis by inhibiting plasminogen binding
and hence the generation of plasmin. lt is also known to accumulate in

atherosclerotic lesions (Hajjar et al, 1988), which may provide a link between
i mpaired cell surface fibrinolysis and progressive atheroscrerosis.

ln some pathological states vascular thrombosis is a prominent feature,
and there is evidence that in such situations the endothelium can be shifted
towards a procoagulant state. Cultured endothelial cells stimulated by lL-1,
TNF, or lipopolysaccharide (LPS), produce tissue factor (thromboplastin)-like
procoagulant activity, which accelerates the ability of factor Vll to activate
factor X (Bevilacqua et al, 1984, Bevilacqua et al, 1986a, Nawroth and Stern,
1986, Stern et al, 1985b, Colucci et al, 1983). At the same time the endothelial
cell dependent activation of protein C is depressed, reducing its anticoagulant
effect. These procoagulant effects are potentiated by cyclosporine, which has
been implicated in thrombotic episodes in transplanted organs (Carlsen et al,
1988). lL-1, TNF, and LPS also decrease fibrinolysis by inhibiting tissue type
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plasmi nogen activator and sti mulating plasminogen activator inhibitor
(Bevilacqua et al, 1986b, Nachman et al, 1986, van Hinsbergh et al, 1988).

Therefore, the net effect of these cytokines is to encourage coagulation, which
contributes to the thrombotic state that exists at sites of inflammation.

Another procoagulant effect of the endothelium is the synthesis of factor V,

which accelerates the activation of prothrombin by factor Xa (Cerveny TJ et al,

1984). Factors lXa and X also bind to the endothelium, which helps to localise
the coagulation process rather than it spreading along the vessel (Stern et al,

1983, Heimark and Schwartz, 1983).

Exposure of the subendothelium after damage to the endothelium is

rapidly followed by the adhesion of stimulated platelets. They either bind

directly to the subendothelial collagen via specific collagen receptors (Coller

et al, 1989), or more impofiantly, bind to vWF which in turn anchors to the
subendothelial matrix (Meyer et al, 1983). Platelets possess a specific vWF
receptor (Kao et al, 1979), and the vWF in turn binds to collagen types l, lll, lV,

and V in the matrix (Meyer et al, 1983). Significantly, platelet adhesion to the

subendothelium is decreased in von Willebrand disease, which is
characterised by reduced activity of von Willebrand factor. Active vWF is
synthesised by the endothelium (Jaffe et al, 1974), and its secretion is induced

by thrombin and complement proteins Csb-g (Levine et al, 1982, Hattori et al,

1e8e).

It is clear that the endothelium has a central role in the processes of
coagulation and thrombosis. lt normally serves to discourage clotting, but
injury and the effects of inflammation convert it to a more thrombogenic
surface. Therefore it is not surprising that the vigorous inflammation which

accompanies allograft rejection is often complicated by vascular thrombosis,
and the consequent ischaemia may ultimately be the prime reason for the loss
of many grafts.

A selection of relevant endothelial synthetic functions

The endothelium possesses considerable synthetic ability, and a number
of these processes that are relevant to this thesis will be briefly covered.

The endothel¡um sits on a supporting matrix formed by extracellular matrix
proteins. Many of these are produced by the endothelial cells themselves,
including collagen of various types (Sage et al, 1991), fibronectin (Jaffe and
Mosher, 1978), thrombospondin (Mosher et al, ig82), elastin (Mecham et al,
1983), and laminin (Gospodarowicz et al, 1981). The relationship between the
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endothelium and the extracellular matrix will be discussed in more detail ¡n
section 3.

Cultured endothelial cells stímulated with the phorbol ester 12-o-
tetradecanoyl phorbol-13-acetate (TPA) synthesise collagenase (Gross et al,
1982). This production of this enzyme, which has the potent¡al to modify the
adjacent matrix (including the basement membrane), may be significant in the
vascular remodelling that occurs during wound healing and
neovascularisation.

several vasoactive substances are produced by the endothelium.
Angiotensin-convefting enzyme, which hydrolyses angiotensin 1 to the
vasoconstrictor angiotensin 2 and inactivates the vasodilator bradykinin, is
synthesised by the endothelium in the lung (Das and soffer, 1975). The
endothelium also contains angiotensinases which ultimately inactivate the
angiotensin 2 (Kumamoto et al, 1gg1). vasoactive agents such as
acetylcholine and bradykinin stimulate the endothelium to release a shofi-
lived endothelium-derived relaxing factor (EDRF), which is probably nitrous
oxide, resulting in vasodilatation (Palmer et al, 1987). A potent endothelium-
derived vasoconstrictor peptide known as endothelin has also been isolated
(Yanagisawa et al, 19BB).

Cultured endothelial cells secrete growth-promoting activity, much of
which is attr¡buted to platelet-derived growth factor (PDGF), a 30kD
glycoprotein that is a vasoconstrictor and both chemotactic and mitogenic for
vascular smooth muscle cells (DiOorleto and Pope, 1983). This secretion is
stimulated by TNF (Hajjar et al, 1gg7), TGF-p (Daniel et al, 1gg7), thrombin
(Harlan et al, 1986), activated factor X (Gajdusek et al, 1996), and injury (Fox
and DiCorleto, 1984). A commercial fish oil extract (max EPA [Solgar]) almost
completely inhibits the production of PDGF (Fox and Dicorleto, lggg).

lnjury also stimulates endotheliar ceils to express both Fc and c3b
receptors (Ryan et al, 1981), as does infection with herpes simplex virus
(Cines et al, 19S2). They are not expressed normally by healthy endothelial
cells in culture.

Stimulating cultured endothelial cells with cytokines and other bioactive
substances induces a number of changes that are relevant to inflammation.
Leukotrienes C4 and D4 (Mclntyre et al, 1986), thrombin (Prescott et al, 1gg4),
lL-1 (Bussolino et al, 1986), and rNF (camussi et at, 1gg7) all induce
production of platelet-activating factor (PAF), a highly potent lipid mediator of
inflammation and cell-cell interactions. TNF, LPS, thrombin, and lL-1 stimulate
cultured endothelial cells to synthesise endogenous lL-1 (Nawroth and Stern,
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1986, Kurt-Jones et al, 1987, Miossec et al, 1986a, Libby et al, 1986, Warner
et al, 1987, Stern et al, 1985b). This is potentiated by y-interferon (Miossec et

al, 1986).

Supernatant taken from cultured human endothelial cells has strong
growth promoting activity for hybridoma cells (Astaldi et al, 1980), and this is

due to production of lL-6, which is increased by stimulation with lL-1 (Sironi et
al, 1989), TNF, lymphotoxin (LT), or LPS (Jirik et al, 1989). y-lF enhances the

effects of these factors on lL-6 production (Leeuwenberg et al, 1990). TNF,

LPS, and lL-1 also stimulate cultured HUVEC to produce lL-8, best known as

a chemotactic factor for neutrophils (Strieter et al, 1989). Human vascular cells

can stimulate granulopoiesis in agar culture of human bone marrow cells
(Knudtzon and Mortensen, 1975), and they produce colony-stimulating

activity, which is increased by LPS (Quesenberry and Gimbrone, 1980). lL-1

and TNF induce the production of GM-CSF, G-CSF, and M-CSF (Broudy et al,

1986, Bagby et af, 1986, Segal et al, 1987, Broudy et al, 1987a, Broudy et al,

1987b, Zsebo et al, 1988, Fibbe et al, 1989). The human colony-stimulating

factors have multiple biological etfects, including direct enhancement of the

activities of neutrophils, eosinophils, and macrophages (Clark and Kamen,

1987). Those produced by endothelial cells after stimulation by lL-1 and TNF

may locally modulate the function of these effector cells of the immune system,

as well as stimulate the growth of haematopoietic precursors. Endothelial cells

are induced to produce GM-CSF, G-CSF, and M-CSF by modified low-density

lipoproteins (Rajavashisth et al, 1990), which also stimulate monocyte

adherence to the endothelium. This might be relevant to the pathogenesis of

atherosclerosis.

The endothelium may also contribute directly to tissue injury at the site of
inflammation. Both lL-1 and yinterferon induce the production of superoxide

anion (Oz-) by cultured endothelial cells (Matsubara and Zitl, 1986), which
might add to the damage caused by its production by infitrating phagocytes

(reviewed by Henson et al, 1987).

The endothelium is clearly a metabolically active and productive organ

that is a central participant in coagulation and thrombosis. The principal aim of

this thesis is to examine its role in the immune response, particularly that
generated against a vascularised allograft. The interactions of the
endothelium with the cells and supporting matrix in its adjacent
microenvironment are controlled by a complex collection of receptors
expressed on the cell surface. The part played by the endothelium in
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generat¡ng an alloimmune response and its express¡on of MHC molecules will

be examined in section 2. The next section deals with endothelial receptors

that bind to components of the extracellular matrix, and section 4 covers the

receptors that mediate the interactions between the endothelium and

circulating leucocytes.
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Introduction

The stimulus for an alloimmune response is the recognition by the
recipient's immune system of foreign antigens on the transplanted tissue. ln a
vascularised allograft, the endothelium presents a large surface area of
foreign cells readily accessible to the host immune system. As a consequence,
the endothelium is regularly a major site of damage during allograft rejection.
It has been postulated that necrosis and transplant loss due to rejection is
primarily due to severe microvascular injury and subsequent ischaemia
(Dvorak et al, 1986).

The chief determinants of the recognition of foreign tissue (ie non-self) are
a polymorphic family of cell surface glycoproteins known as the major
histocompatibility antigens, which are encoded by a cluster of genes called
the Major Histocompatibility complex (MHc). ln humans, the molecules
encoded by the MHC are usually referred to as the human leucocyte antigens
(Hl-A), and the genes are grouped together on the short arm of chromosome
6. The immunogenicity of an allograft is largely determined by the degree of
incompatibility between the donor and recipient HLA antigens.

This chapter reviews the factors that determine the immunogenicity of the
endothelium, and discusses the evidence that endothelial cells are fully
competent antigen-presenting cells.

Polymorphic antigen systems on human endothelium

The HLA and ABO blood group systems, which are the two most important
histocompatibility systems in humans, are both expressed on the vascular
endothelium. A less well characterised group of polymorphic antigens found
on the endothelium is known as the endothelial-monocyte (EM) system. lt is
impoftant in a minority of cases of allograft rejection.

The loci for the HLA system are divided into two groups which encode
structurally distinct sets of antigens. The class I antigens, coded for by the A, B,

and C loci, were the first described (Kissmeyer-Nielsen et at, 1968). They are
cell surface glycoproteins consisting of a polymorphic heavy chain non-
covalently bound to a constant light chain. The heavy chain varies from 338 to
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341 amino acids and has a molecular weight of 45 kD. The light chain, known
as p-2 microglobulin, has a 99 amino acid backbone and a molecular weight

of 12 kD. Virtually all nucleated cells express HLA class I antigens.
The HLA class ll antigens are also cell surface glycoproteins. They consist

of a heavy (a) chain non-covalently bound to a light (p) chain. The cr chain has

a 229 lo 232 amino acid backbone and a molecular weight of 35 kD. The p

chain is 2291o 237 amino acids long and weighs 28 kD. Most of the
polymorphism resides in the p chain. The cell distribution of the class ll

antigens is less widespread than that of class I antigens, and they are

normally confíned to B lymphocytes, activated r lymphocytes, monocytes/
macrophages, dendritic cells, and the vascular endothelium. The class ll
region in the MHC is more complex than the class I region, and is divided into
genes encoding DR, DQ, and DP antigens, which are expressed on the cell
surface, and a number of pseudogenes which do not produce detectable
protein (Trowsdale, 1 988).

Each of the HLA loci exhibit considerable polymorphism, generating an

enormous potential number of combinations. Therefore, randomly selected
individuals are likely to have little or no similarity between their HLA types.
However, as the genes are inherited in a Mendelian fashion with very little
crossover, family members frequently share haplotypes and there is
approximately a one in four chance that siblings will be HlA-identical. The
polymorphism is generated by differences in the amino acid sequences of the
individual chains.

The mechanism by which HLA incompatibility leads to allorecognition can
best be understood by examining the role of the Hl-A antigens in the body's
immune response to foreign antigen eg in microbial or viral infection.

The surveillance cells of the immune system are the T lymphocytes. They
possess a unique receptor (the T cell receptor - TCR) which specifically
recognises antigen that has been processed by specialised antigen-
present¡ng cells (APC). By mechanisms that are still incompletely understood,
T lymphocytes that recognise self antigens (and so are potentially

autoreactive) are deleted and/or inactivated in the thymus. The remaining T
lymphocytes have TCR which can recognise non-self antigens. Many cells fail
to survive thymic selection, but an extremely large repeftoire still remains
which potentially is able to recognise any foreign antigen.

A crucial finding which helped elucidate this process was that T
lymphocyte recognition required both the foreign antigen and the body's own
MHC molecules (MHC restriction) (Zinkernagel and Doheily, 1974). APC
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process the antigen to a peptide fragment 10 to 20 amino acids long which is
bound to the MHc molecule (Gotch et al, 1gB7), and only in that form is it
recognisable by the TCR. Fragments of intracellular proteins (eg viral, tumour)
are usually presented associated with class I molecules (endogenous
pathway), and fragments from soluble extracellular proteins are associated
with class ll. Flecent evidence suggests that class ll molecules in some
circumstances are also able to bind fragments from endogenous proteins
(Nuchtern et al, 1990) and that exogenous antigen can be presented with
class I molecules (Rock et al, 1gg0). The comprexes formed by class I

molecules and antigen fragments are the prime targets for the CD8-positive
cytotox¡c T lymphocytes, and the class ll molecule complexes are targets for
the CD4-positive T lymphocytes (Bach et al, 1976).

The structure of the HLA-42 antigen has been erucidated by x-ray
crystallography (Bjorkman et al, 1987a). The sites of most of the polymorphic
amino acids are clustered on top of the molecule in a large groove formed by
the cr1 and a2 regions of the heavy chain (Bjokman et al, 1g87b). The floor of
the groove is formed by 8 strands of p-pleated sheets, and it is walled by two
cr-helical segments. The groove is large enough to accommodate a peptide of
10 to 20 amino acíds, depending on its configuration, and appears to be the
binding site for processed peptide. Unidentified electron-dense material within
the groove which co-crystallised with the Hl-A-42 molecule may represent
bound peptide. A number of polymorphic residues exist in the floor of the
groove, and these are well placed to interact with the peptide fragment. Other
polymorphic residues that are placed on the outer edge of the groove face
outwards and can interact with the TcR. lt is hypothesised that the TCR
recognises and binds to a complex formed by the combination of the
histocompatibility protein and the processed ant¡gen.

A hypothetical structure of the HLA class ll molecule based on the HLA-42
structure has been calculated (Brown et al, 1988). This model is very similar to
the structure of HLA-42, and has a single binding site formed by the highly
polymorphic amino-terminal domains of the cr1 and B1 chains. The most
polymorphic residues are also clustered around the groove that is formed.
There is no published structure for class ll molecules as yet, as it has been
difficult to produce crystals of sufficient quality for analysis.

The enormous polymorphism of the HLA system provides a mechanism
for increasing the number of peptides that can be presented to the host,s T
lymphocytes, and so covering the large number of potential foreign antigens in

the environment. The processed peptides bind to different HLA molecules with
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vary¡ng affinities and create different conformations, which offers an
explanation for the variation between individuals of susceptibility to
pathogenic microorganisms and for the known HLA associations with ditferent
diseases.

The TCR which binds to the peptide/MHO comprex is composed of
disulphide-linked cr and p polypeptides, each about 40 to 50 kD in size
(Marrack and Kappler, 1987). A second type of TCR that has different chains (y

and õ) is expressed by about 1 to 1 OY" of peripheral T lymphocytes and by the
majority of T cells in the skin. lts function is uncertain (Davís and Bjorkman,
1988). The o and p chains of the classical TCR consist of constant and
variable regions. The highly polymorphic variable regions can give rise to as
many as 101s combinations to cover the tremendous diversity of antigen
recognition that is required. The variable regions interact with the peptide
fragment in the binding groove and with adjacent residues on the HLA
molecule.

The TCR is associated on the cell surface with a collection of invariant
proteins known as the cD3 complex. This is thought to have a role in
transmitting information from the TCR to the inside of the cell (Marrack and
Kappler, 1987). An intact TCF/CD3 complex is necessary for the expression of
either component on the cell surface.

The TCR/HLA/peptíde fragment interaction and the MHC restriction
presumably evolved to allow the recognition of foreign peptides in association
with the body's HLA molecules in order to destroy infected cells (Krensky et al,
1990). Recognitíon and rejection of an allogratt apparently occurs outside of
the rules of MHC restriction. Foreign HLA is recognised in association with
bound peptide by recipient T lymphocytes (Margulies, 1999), although the
peptides may be of donor or recipient origin. The panicularly novel
conformation provided by the peptide bound to different HLA probably
accounts for the large percentage of T lymphocytes that are stimulated by
foreign HLA (Matzinger and Bevan, 1977), and forthe large fraction (at least
10%) of clones of T lymphocytes derived from biopsies of rejecting grafts that
are donor reactive (Bonneville et al, 1988, Kurnick et al,1g87). This contrasts
with the small number of T lymphocytes that respond to foreígn peptide bound
to self HLA (Townshend and McMichael, 1987). However, it is still possible
that the presentation of foreign antigens as peptides in association w1h self
MHC on recipient cells makes some contribut¡on to the devetopment of
alloreactivity. These recipient cells can either be those ínfiltrating the graft or
be at distant sites (eg draining lymph nodes).
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A number of non-antigen specific accessory molecules contribute to the
interaction between the TCR and the HLA/antigen complex. These will be

discussed in more detail in sections 3 and 4.

(2) ABO blood group antigens

Vascular endothelium in vivo (Paul et al, 1981) and endothelial cells in
culture (Jaffe et al, 1973a) express ABO blood antigens, and it is generally

accepted that it is unwise to cross this barrier in transplantation. The early

experience with ABO-incompatible grafts was frequent, early, and severe
rejection directed against the vascular endothelium, as most individuals
possess antibodies against the blood group that they lack. Other blood group

antigens are generally not thought to be significant, although there has been

some suggestion that Lewis antigens constitute a histocompatibility system in

clinical renal transplantation (Paul et al, 1981).

(3) EM system antigens

The EM system is a distinct polymorphic antigen system that is confined to
endothelium and monocytes (Moraes and Stastny,1g77). sera from some
kidney transplant recipients was found to contain antibodies reactive with

endothelial cells and monocytes but not lymphocytes which were distinc{ from

ant¡-Ht-A antibodies. These anti-EM antibodies recognise antigens encoded
by loci that segregate with Hl.A (Neppert et al, 1985). other sera have been
found that contain antibodies reactive with granulocytes, monocytes, and
endothel¡al cells (Thompson et al, 1980), but it is unclear whether they are of
any clinical significance.

A number of studies have shown that these antigens have some
relevance to clinical transplantation. Paul et al (1979a, 1979b) found anti-
endothelial antibodies in the sera of a signifícant number of patients with
rejection of kidney allografts. The sera bound in indirect immunofluorescence
and indirect immunoperoxidase techniques specifically to the peritubular

capillaries in biopsies taken from the grafts after transplantation (Paul et al,

1979d). They also described a pat¡ent with pretransplantation anti-EM
antibodies who underwent accelerated rejection of a renal allograft (Paul et al,

1979c). Absorption experiments confirmed that these antibodies were not
directed against HLA antigens. Another group found a significant incidence of
anti-EM antibodies in patients who rejected renal allografts (Cerilli et al, 1981,
1985a, 1988) and cardiac allografts (Brasile et al, 1gB5). They screened for
antibodies against a panel of monocytes and endothelial cells from human
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umbilical veins. The incidence of these antibodies is low (less than 10%) and

they usually occur in association with anti-HLA antibodies. lt has been

suggested that they can mediate rejection that occurs in transplants taken from

HLA identical siblings. The same group has also identified these antibodies in

patients with atherosclerosis and systemic vasculitis (Cerilli et al, 1985b,

Cerilli et al, 1987, Brasile et al, 1989). Monoclonal antibodies that react

exclusively with antigens on endothelial cells and monocytes have been

described (Wood et al, 1988, Schook et al, 1987). The relationship of these

antigens to EM antigens is unknown.

Patients have been described who developed severe vascular rejection

mediated by anti-endothelial cell antibodies that did not react with monocytes

(Jordan et al, 1988, Miltenburg et al, 1989). An endothelial-specific antigen

system relevant to allograft rejection has also been defined in the rat (Paul et

al, 1983).

The EM antigens appear to be of limited importance in clínical

transplantation. Rejection occurring after HLA-identical transplantation may be

due to anti-EM antibodies, but this is an uncommon situation. ln most

instances, the antibody response to HLA incompatibility is significantly greater

than the response to EM incompatibility. The standard microcytotoxicity and

cross-matching techniques used for matching a renal allograft use

lymphocytes as the target cells, and will not detect antibodies that only bind to

endothelial cells or monocytes. Patients who have developed a high titre of

anti-HLA antibodies due to previous exposure from a transplant, transfusion,

or pregnancy (highly sensitised) may also possess anti-EM antibodies. lt has

been suggested that such patients should also be matched by non-standard

techniques such as monocyte or endothelial cell crossmatching to detect any

anti-EM antibodies (Cerilli et al, 1985a). An alternative suggestion is the use of
indirect immunoperoxidase staining of sections from the donor kidney with the

recipient's serum to detect antibodies that bind to the vascular endothelium
(Evans et al, 1985c).

The role of the endothelium in antigen presentation

lmprovements in crossmatching techniques and the avoidance of ABO
blood group incompatibilities have dramatically reduced the incidence of
rejection of vascularised allografts due to antibodies that were present before

the transplant took place. Most episodes of rejection now are initiated by T



50

lymphocyte responses, although antibody-mediated damage can still have a
secondary contribution.

The fundamental event that initiates such an immune response is the
activation of CD4-positive helper T lymphocytes. This is a result of the
interaction between the TCR and HLA class ll antigens on the surface of
specialised antigen-presenting cells (APc) (unanue and Allen, 1gB7).

Following activation, the T lymphocytes produce a number of cytokines which
amplify the immune response. Their effects include B lymphocyte activation,
upregulation of HLA class ll molecules on APC, and the activation of cytotoxic
T lymphocytes, which are then able to recognise their target antigens
presented in association with HLA class I molecules. Therefore, a primary
immune response is usually limited to antigens presented in association with
HLA class ll molecules.

An alloimmune response in the presence of a disparity of HLA class lt
arises from direct activation of CD4-positive helper T lymphocytes. Disparity of
HLA class I alone (ie with HLA class ll identity) also generates a response,

albeit usually much weaker than when there is a combined disparity (Bach et
al, 1976). Several observations have provided possible explanations for this
phenomenon. Hl-A class I antigens themselves may be able to activate helper
T lymphocytes (Reinsmoen et al, 1983). The recipient's own ApC may be able
to present fragments of the donor class I antigens in association with class ll to
helper T lymphocytes (Golding and Singer, 1984). Some CD8-positive
cytotoxic T lymphocytes appear to be helper cell independent, and produce
their own lymphokines (wee et al, 1982). conversely, some cD4-positive T
cell clones also have cytotoxic activity (Spits et al, 1982). Consequently, either
CD4-positive or cD8-positive T lymphocytes alone are able to transfer
rejection of murine skin grafts, provided that the graft and recipient differ in

class ll or class I antigens, respectively (Colvin, 1gg0).

ln non-vascularised allogratts such as skin gratts the predominant APC
appear to be the highly specialised dendritic cells which are normally resident
in the skin. There is divergance of opinion about the major ApC in
vascularised allografts. one theory invokes the "passenger leucocytes",
subsequently identified as dendritic cells (Lafferty et al, 1983, Austyn, 1997,
Austyn and Larsen, 1990). ln several animal models of allograft rejection,
removal of the passenger leucocytes by various manipulations significantly
prolonged the graft survival (Hart et al, 1980, Latferty et al, 1g7s). However,
this improvement is very dependent on the strain combination used and is
most successful when other tissues in the graft (eg vascular endothelium) do
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not constitutively express class ll antigens (Hart and Fabre, 1981a, Mason and

Morris, 1986). Depletion of passenger leucocytes is a better form of
immunosuppression in non-vascularised grafts (eg isolated pancreatic islets)

than in vascularised gratts (Stegall et al, 1990).

Macrophages and B lymphocytes also are APC (Unanue and Allen,

1987), although resting B lymphocytes are unable to activate resting T
lymphocytes (Lassila et al, 1988). The probable chain of events is that a non-B

lymphocyte APC is required to initially activate the helper T lymphocyte, which

in turn activates the antigen-specific B lymphocytes which bear the same

antigen-MHC combination as that on the original APC (DeFranco, 1988).

Studies with murine B cell lines also support the notion that B lymphocytes are

"incomplete" APC as exogenous lL-1 was required to produce an alloreactive
response (Glimcher et al, 1982).

The endothelium in human vascularised allografts constitutively
expresses HLA class ll antigens, and a number of studies show that
endothelial cells in culture are fully functional APC. Cultured endothelial cells
are able to present protein ant¡gens to sensitised T lymphocytes (Hirschberg

et al, 1980, Hirschberg et al, 1982, Nunez et al, 1983, Wagner et al, 1984,

Wagner et al, 1985a, McOarron et al, 1986), and can augment T lymphocyte
responses to mitogens, which is dependent on the participitation of a non-

responding accessory cell (Ashida et al, 1981, Shanahan et al, 1985, Guinan

et al, 1989). The experiments of Guinan et al showed that the addition of

endothelial cells dramatically augmented the production ol lL-Z by the T
lymphocytes. Direct contact between the cells was required (Hughes et al,

1eeo).

Most significantly, cultured endothelial cells are able to evoke a primary

allogeneic response (Hirschberg et al, 1975, Burger et al, 1982, Pober et al,

1983b, Groenewegen et al, 1984a, Groenewegen and Buurman, 1984b,

Geppert and Lipsky, 1985). This is an important properly of endothelial cells,
as other cell types such as fibroblasts and smooth muscle cells can be

induced to express HLA class ll antigens (Pober et al, 1g83b, Geppert and
Lipsky, 1985, Pober et al, 1986a) and present nominal antigen and

alloantigens to sensitised T lymphocytes (Geppert and Lipsky, 1985, Pober et
al, 1986a) or T cell clones (Umetsu et al, 1986), but are unable to support a
primary immune response (Pober et al, 1983b, Geppert and Lipsky, 1985,
Pober et al, 1986a, Umetsu et al, 1986). ln addition, they cannot substitute for
endothelial cells or other accessory cells in supporting mitogen-induced
lymphocyte proliferation (Ashida et al, 1981, Shanahan et al, 1985) or



52

augment¡ng lL-2 production (Guinan et al, 1989). Fibroblasts and other cell
types can be induced to express similar levels of Hl-A class ll antigens as
endothelial cells, which indicates that the binding of the TCR to the
MHO/processed antigen complex alone is insufficient to activate resting helper
T lymphocytes. Geppert and Lipsky (1987) showed that fibroblasts expressing
HLA class ll (after stimulation with y-interferon) are able to take up and process

antigen effectívely. Their failure to present antigen to resting T lymphocytes is

reversed by the addition of exogenous lL-2, showing that these fibroblasts still

are unable to generate the signal that stimulates production ol lL-2 by resting
T lymphocytes (Umetsu et al, 1986). Cultured endothelial cells behave as fully
competent APC, and therefore must be capable of providing the co-stimulatory
signals these other cells cannot.

The identity of the additional signal (or signals) is uncertain. ln certain
models it appears to be lL-1 (Unanue and Allen, 1gB7), but exogenous lL-1 (or
the transfer of conditioned medium) cannot induce Hl-A class ll-expressing
fibroblasts to stimulate a primary allogeneic response (pober et al, 1gg3b,
umetsu et al, 1986), and dendritic cells (which are fully competent Apc) do
not produce significant amounts of lL-1 (Koide and steinman, 1gB7).

Endothelial cells produce lL-1 after stimulation with LPS (Miossec et al,
1986a, Libby et al, 1986, Wagner et al, 1g85b), TNF (Líbby et al, 1996,
Locksley et al, 1987, Nawroth and Stern, 1g8o), and lL-1 itself (warner et al,
1987). The production of lL-1 is enhanced by the addition of y-interferon (y-lF)
(Miossec et al, 1986b). Endothelial cells may differ from fibroblasts in that they
express a membrane-associated form of lL-1 after TNF or LPS stimulation
(Kurt-Jones et al, 1987, Unanue and Allen, 1gB7), which might provide a
specific signal that cannot be reproduced by soluble lL-1.

Another soluble factor produced by endothelial cells that may have co-
stimulatory function during antigen presentation is lL-6. lt synergises with lL-1

in the stimulation of mitogen-induced and anti-CD3-induced T lymphocyte
proliferation (Houssiau et al, 1988, Kawakami et al, 1989) which involves the
production ol lL-2 and expression of the lL-2 receptor (Tosato and Pike, 1gBB,

Tosato et al, 1990).

While in these models the cytokines lL-1 and lL-6 have co-stimulatory
activity, in many systems the second signal must be delivered by direct contact
between the T lymphocyte and the APC (Kawakami et al, 1989). The contact-
dependent augmentation of T lymphoc¡e lL-2 production by endothelial cells
is inhibited by antibodies against the CD2 molecule on the T lymphocyte or
against lymphocyte function-associated antigen-3 (LFA-3) on the endothelial
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cell (Hughes et al, 1990). LFA-3 is the ligand for the CD2 receptor (Dustin et
al, 1987a), and this interaction will be discussed in more detail in section 4.
Liposomes containing both purified LFA-S and HLA-DR stimulate lL-2
produc{ion by T cell hybridomas, showing that cD2 binding to LFA-3 is
sufficient to provide a co-stimulatory signal for those T cells (Bierer et al,
1988). There is evidence that the binding of CD2 to LFA-3 stimulates lL-1
release by the LFA-3-bearing cells (Le et al, 1990, Breitmeyer 1997).
Endothelial cells express LFA-3 in vivo and in vitro (Springer et al, 1gB7).

Other accessory molecules on the surface of the endothelial cells and/or
the T lymphocytes have been shown to have co-stimutatory roles in pafticular
systems. These include intercellular adhesion molecule-1 (ICAM-1), CD44,
and members of the very late antigen (vl-A) family of molecules (or p1

integrins). The functions of these molecules will be discussed in detail in
sections 3 and 4.

Thus the precise identity of the co-st¡mulatory signal provided by
endothelial cells remains unclear, but it appears to be multifac{orial, with lL-1,
lL-6, and activation by direct contact making significant contributions.

The evidence is convincing that cultured endothelial cells are fully
competent APC, and it seems reasonable to extend this to endothelial cells in
vivo, particularly in humans where they are normally HLA class ll positive.
However, unstimulated cultured endothelial cells are generally found to be
Hl-A class ll negative, but they become positive after stimulation with
phytohaemagglutinin (PHA) (Pober and Gimbrone, 1gg2), medium
conditioned by activated T lymphocytes (pober et al, 1gg3a, wagner et al,
1985b), and y-lF, which is produced by activated r lymphocytes (pober et al,
1983a, collins et al, 1984, Pober et al, 1g8gb, Geppert and Lipsky, 19gs). ¡lF
also induces HLA class ll expression by dermal fibroblasts and smooth muscle
cells (collins et al, 1984, Pober et al, 1g83b, Geppert and Lipsky, 19g5).

Cultured endothelial cells become HLA class ll positive soon after co-
culture with allogeneic lymphocytes (Pober et ar, 1gg3a) or with lymphocytes
and nominal antigen (Wagner et al, 1985b), and the endothelial cell antigen-
presenting functions are inhibited by anti-HLA class ll antibodies. The
induction of MHC class ll antigens by allogeneic lymphocytes in the dog is
blocked by cyclosporine, probably because it inhibits y-lF releases by the
lymphocytes (Groenewegen et al, 1985). lt may be that a small subpopulation
of the cultured endothelial cells is HLA ctass ll positive constitutivety, and
initiates antigen presentation, followed by the release of ¡lF and increased
class f l expression (Nunez el al, 1983). The possibility that a few dendritic cells
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were contaminating these cultures was excluded by using multiply passaged
endothelial cells. Alternatively, some of previously activated T lymphocytes
added to the endothelial cell cultures might secrete sufficient y-lF to induce the
HLA class ll expression.

The endothefium in rejec{ion of a vascularised allograft

Sensitisation to a non-vascularised allograft appears to arise in the
draining lymphoid tissue where host APC present donor ant¡gen to host T
lymphocytes. ln contrast, sensitisation to a vascularised allograft (eg kidney)
occurs within the graft itself (Pederson and Morris, 1970). The endothelial cells
and the passenger leucocytes (dendritic cells) are all competent APC and
therefore can contribute to the primary immune response. Even if the
passenger leucocytes are removed, a vascularised graft will still be lost to
rejection, suggesting that the endothelium alone is sufficient to initiate primary
recognition. lt presents a large and accessible target for the alloimmune
response as it expresses the polymorphic antigens that the recipient's immune
system recognise as foreign. Understandably, endothelial damage is a major
feature of the allograft rejection.

The effector mechanisms responsible for rejection can be broadly divided
into antibody- and cell-mediated (Mason and Morris, 1986). Antibodies
against donor antigens can develop as a result of previous transplantation,
blood transfusion, or pregnancy. lf the recipient possesses such antibodies
before a transplant (ie is "sensitised" to the donor antigens), "hyperacute
rejection" will result (Kissmeyer-Nielson et al, 1966).This is characterised by
the binding of antibody and complement to the graft endothelium with
consequent destruction mediated by polymorphonuclear leucocytes. This form
of rejection is now very uncommon due to the avoidance of transptantation in

recipients with positive lymphocyte crossmatches with the donor.
The allograft rejection that is now most commonly encountered in clinical

medicine is probably both antibody- and cell-mediated. Antibodies still
contribute to the vascular damage, and patients almost invariably develop
anti-HLA antibodies following the loss of an allograft to rejection.

The alloimmune response that results in this form of rejection is primarily
under the control of the cellular immune system, which is evidenced by the
infiltration of mononuclear cells into rejecting allografts. However, there is
disagreement about whether it is primarily a helper T lymphocyte-mediated
delayed-type hypersensitivity response or is a result of cytotoxic T lymphocyte
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lysis of the target cells (Loveland and McKenzie, 1982, Hall and Dorsch,
1984a, Hayry'1984, Mason and Morris, 1986). A typical cellular infiltrate in a
rejecting kidney contains 30 to 35% T lymphocytes, with usually more cDg-
positive than CD4-positive cells. This ratio is approximately the same in stable
grafts (Mason and Morris, 1986). Monocytes/macrophages make up about
601" ol the inÍiltrate, and natural killer (NK) cells less than 10%. The
lymphocytic infiltrate is enriched for antigen specific cells (Scheper et al, 1985,
Modlin et al, 1988, Tilney et al, 1978), but the inflammatory reaction arso

stimulates the migration of non-antigen specific cells into the tissue (Hopt et al,

1983, Hall and Dorsch, 1984a).

Microvascular destruc{ion is a prominent early feature of rejection of a
vascularised allograft (Dvorak et al, 1979, Bishop et al, l g8gb), and it
precedes the damage to other tissue components (Forbes et al, 1983). The
endothelial cells initially develop a characteristic plump, hypertrophied
appearance and separate from each other (Pederson and Morris, 1g70,

Forbes et al, 1983). This is reminiscent of the changes they undergo at sites of
chronic inflammation (Graham and Shannon, 1972), and appears to precede
(and allow) the efflux of effector cells into the graft. The major site of
extravasation of cells into a renal allograft is the peritubular capillaries
(Renkonen et al, 1989b, Bender et al, 1g8g). The changes in appearance of
the vessels is probably produced by cytokines released by the activated
effector cells, and represents a state of activation of the endothelium. This will
be discussed in more detail in section 4.

Antibodies against the endothelium in autoimmune dísease

The immune response to an allograft is an example of the appropriate
react¡on to foreign antigen, and the role of the endothelium in this process is
the primary topic of this section of the thesis. However, it is also instructive to
briefly examine the role of the endothelium in autoimmune disease, where the
immune system turns against self-antigens and causes unwanted tissue
damage. vasculitis is a prominent feature of a number of autoimmune
conditions, demonstrating that the endothelium has become a major target of
the inappropriate immune response. ln many such cases, antibodies directed
against endothelial cells are deteclable ín the patient's serum. The
autoant¡gens recognised by these ant¡-endothelial cell antibodies (AECA)
have not been identified, and it is also uncertain whether the autoantibodies
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make a significant contribution to the vasculitis or are just markers of
endothelial damage.

Several studies have reported AECA in patients with systemic vasculitis.
Cerilli et al (1987) found autologous anti-monocyte antibodies in 22 out of gO

patients (73%) with necrotising vasculitis. Twenty of these positive sera also
reacted with cultured HUVEC but not lymphocytes, and so were thought to be

specific for the EM system. They also found that 31 out of 48 patients (65%)

with angiographically confirmed coronary artery disease had anti-EM
antibodies. ln a more recent study, the same group found cytotoxic,

complement-fixing AECA in 18 out of 21 patients (86%) with systemic
vasculitis (not of the hypersensitivity type) (Brasile et al, 1989). Ferraro et al

(1990) found AECA in 9 out of 15 patients with micropolyarteritis and in 2 out
of 5 patients with Wegener's granulomatosis, although these sera did not lyse
cultured HUVEC, with or without complement.

A number of studies have examined AECA in systemic lupus

erythematosus (SLE) and other connective tissue disorders. Cines et al (1984)

detected complement-fixing AECA in the sera of patients with active SLE
using a solid phase radioimmunoassay. Penning et al (1984, 1985) found

cytotox¡c activity for cultured HUVEC (when co-cultured with human peripheral

blood mononuclear cells) in the sera of 3 out of 35 patients with SLE and 9 out
of 39 patients with progressive systemic sclerosis (PSS). Hott et al (1989)

found the same in 10 out of 48 patients with PSS. Hashemi et al (1987)

detected lgG and lgM AECA by ELISA in patíents with SLE and pSS, and
showed that the binding was not mediated by Fc receptors. Rosenbaum et al
(1988) also used an ELISA to show lgG AECA in74"/" of pat¡ents with SLE, in
30% with PSS, and in 281" with rheumatoid a¡thritis (RA). The antibodies were
apparently unrelated to other circulating autoantibodies, including anti-
cardiolipin or anti-DNA lgG. The AECA in all the sera was absorbed out by
culture with dermal fibroblasts. Vismara et al (1988) found AECA in 39.2o/"

(lgc) and 45.1% (lgM) of sera from sLE patients, with no correlation with
clinical or laboratory parameters of disease activity, including anti-cardiolipin
antibodies. However, they showed that affinity-purified anti-cardiolipi n

antibodies reacted with cultured HUVEC, and suggested that some AECA are
directed against negatively charged phospholipids on the surface of the
endothelial cells. Heurkens et al (1989) detected lgc AECA in 19 out of 28
patients with rheumatoid vasculitis, 4 out ol24 with RA, andT out of 1O with
SLE. The titre of AECA in 4 of their patients with rheumatoid vasculitis
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correlated with the clinical course. The AECA activity was also absorbed out
by fibroblasts.

AECA have also been detected in a variety of other diseases, including
321" ot patients with lgA nephropathy (yap et al, lggg), tgM AECA in 6
patients with autoimmune hypoparathyroidism (Fattorossi et al, 19gg), and
complement{ixing lgG and lgM AECA in 13 out of 14 children with acute
haemolytic-uraemic syndrome plus 3 out of 5 adult patients with acute, non-
relapsing thrombotic thrombocytopenic purpura (Leung et al, l ggg).

Leung et al (1988) have also performed a series of studies on patients
with Kawasaki syndrome, an acute febrile illness of early childhood,
characterised by diffuse vasculitis and marked T and B lymphocyte activation.
Serum lgM antibodies were found in the acute phase of the illness that
specifically lyse HUVEC after they have been st¡mulated with 7-lF (Leung et al,

1986a), lL-1, or TNF (Leung et al, 1986b). They postulated that activated
monocytes/macrophages or other cells release cytok¡nes which predispose
the endothelium to injury by the circulating antibodies. Ten out of 16 patients
had peripheral blood mononuclear cells secreting high levels of lL-1 (Leung et
al, 1989), and two endothelial activation markers, ELAM-1 and lcAM-1 (see

section 4) were detected by indirect immunoperoxidase staining on the
endothelium of skin samples taken from 5 patients. These activation markers
are upregulated on cultured HUVEO by y-lF (lcAM-1 only), lL-1, and rNF.

However, despite finding AECA in a number of conditions, there are still a
numbered of unanswered questions about their significance. No group has
convincingly elucidated the structure of any of the putative antigens
recognised by the AEOA. This may be because they are carbohydrate or
phospholipid determinants that are more difficult to identify, or due to tow
affinity of the AECA. ln addition, the AECA usually corretate poorly, if at all,
with the clinical course and laboratory markers of disease activity. One
concern is that much of the AECA activity may be due to non-specific binding
of the antibodies to the HUVEC and fibroblasts. In most of the diseases where
AECA have been detected, there is a general overproduction of antibodies
directed against a myriad of determinants, plus circulating immune complexes.
It remains to be proven that AECA have a role in the pathogenesis of these
diseases. The studies of Leung et al ¡nto Kawasaki syndrome possibly have
found the most convincing examples of AECA that are relevant to a disease
process.
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2.2 Studies of the expression of Hl-A class I and class ll molecules in the
normal human kidney and in rejecting renal allografts

Expression of HLA class I antigens in the normal human kidney

The two murine anti-HLA class I monoclonal antibodies used in these
studies (W6/32 and RM7.30) both recognise monomorphic determinants on all
class I molecules. Normal kidney sections were cut from biopsies taken from
the tumour-free portion of two kidneys removed surgically for renal celt
carcinoma, and from wedge biopsies taken from kidneys just prior to their use
as allografts. The latter kidneys had been perfused and stored at 4oC for 12 to
24 hours. The morphology of these sections was minimally abnormal in some
cases (mainly tubular changes), but the results of staining with the anti-HLA
class ! antibodies were no different between the tissues from the two sources.

Each of the antibodies gave identical staining patterns (see photograph
page 66). HLA class I is strongly expressed on glomerular capillaries and
intenubular capillaries. Veins are weakly positive, and afierioles and arteries
range from negative to weakly positive. In biopsies examined from 13 different
patients, 3 definitely and 1 possibly had weak staining of the luminal aspect of
the proximal tubules. The other structures in the kidney were consistently
negative.

Expression of HLA class ll antigens in the normal human kidney

Four anti-HLA class ll murine monoclonal antibodies were used in these
studies. RMs.1 12 binds to a monomorphic determinant on all class ll
molecules, L243 binds to HLA-DR molecules, Genox 3.53 to HLA-Dew1, and
B7l21to HLA-DP. Hl-A-DQw1 is limited to those individuals who express HLA-
DR1,-2,-6,-8, or -10, which is about 75Y" of caucosoids, the ethnic group from
whom these biopsies were taken.

HLA class ll antigens are moderately strongly expressed on glomerular
and intertubular capillaries, and weakly on the larger vessels (see photograph
page 66). ln general, the staining is slightly weaker than HLA class l. HLA-DR
makes up most of the class ll expression, while HLA-DQw1 and HLA-Dp are
usually quite weak, particularly on glomerular capillaries. Three out of the 13
specimens examined were weakly HLA class ll positive on the luminal aspect
of the proximal tubules.
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Expression of HLA class I antigens in rejecting renal allografts

The morphology of the biopsies taken from rejecting atlografts was less
well preserved than that in the normal kidneys. The intertubular capillaries are
frequently almost indistinguishable due to the damage caused by the rejection
process, and the infiltrating leucocytes otten obscure the underlying anatomy.
However, it is still possible to make a number of conclusions from study¡ng
these biopsies, particularly when a part¡cular antigen is lacking or only weakly
expressed in normal kidneys.

six patients were studied in whom biopsies were taken from the
transplanted kidney before transplantation and at a later date during an
episode of rejection. The endothelial expression of HLA class I antigens
appears to be slightly increased during rejection, but the high basal
expression obscures clearcut changes. ln contrast, there is often dramatic
staining of the tubular cytoplasm during rejection, which is clearly greater than
the proximal tubule staining in some normal kidneys (see photograph page
67). The infitrating leucocytes also strongly express HLA class l.

Two other patients had biops¡es taken before transplantation and later
during an episode of allograft dysfunction that proved to be due to
cyclosporine toxicity rather than rejection. In these cases, there were no clear
changes in HLA class I expression on the endothelium or the tubules.

Expression of HLA class ll antigens in rejecting renar ailogratts

Endothel¡al staining with the anti-HLA class ll antibodies is more clearly
increased during rejection than with anti-HLA class I antibodies (see
photograph page 67). This is more easily recognised because of the lower
expression of Hl-A class ll compared with HLA class I in normal kidneys. The
increased expression is most apparent in the large vessels. Again, HLA-DR
accounts for most of the staining, but HLA-DP is usually definitely stronger
than in the normal kidneys. However, HLA-DQw1 shows very litfle change.
Many of the infiltrating cells are also HLA class ll positive.

The most clearcut change is the often de novo appearance of HLA class ll
on the tubular cytoplasm, which is almost exclusively due to HLA-DR (see
photograph page 67). Eleven patients who had biopsies taken before
transplantation and at a later date during an episode of allogratt dysfunction
were stud¡ed. There was no tubular expression of HLA class ll in any of these
pretransplantation biopsies. Of the 12 biopsies taken after transplantatíon (one
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pat¡ent was b¡opsied twice), I showed evidence of rejection and in7 of these
the tubules were HLA class ll positive. The remaining 4 biopsies showed no
evidence of rejection and had no tubular staining for HLA class ll (see table 1,

page 72).

This apparent specificity of tubular HLA class ll expression for rejection
was tested orr a series of randomly selected biopsies from different patients
(see table 2, page 72). Seven biopsies were taken from allogratts within 1

hour of establ¡shment of vascular anastomosis, and in 3 of these the tubules
expressed HLA class ll. None of the 7 biopsies showed any evidence of
hyperacute rejection. Sixteen biopsies taken during episodes of acute
allograft dysfunction were stained with the anti-HLA class ll antibody RMs.1 12
Eight of these had acute rejection, and in all I the tubules were positive. The
other I had no rejection, but in 4 of these the tubules were also positive.
Hence a number of non-rejecting kidneys also expressed tubular HLA class ll,
albeit generally weaker than during rejection.
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2.3 Studies of the expression of HLA class I and class ll molecules in normal
skeletal muscle and peripheral nerves. and in vasculitis of the peripheral

nervous system

Expression of HLA class I and class ll antigens in skeletal muscle and
peripheral nerves

In a collaborative study with Dr. P. Panegyres from the Neurology
Department at The Queen Elizabeth Hospital, specimens of human skeletal
muscle and peripheral nerve were stained with monoclonal antibodies against
HLA class I (W6/32) and class ll (RMs.112).

Three muscle specimens had a normal microscopic appearance. One had

been taken from a normal individual, one patient had a non-inflammatory
myopathy, and the third was in remission from vasculitis. W6/32 strongly stains

the capillaries between individual muscle fibres and the intima of larger
vessels. There is weak to moderate staining of the media of large vessels, and
some variable weak staining around the periphery of individual muscle fibres
(see photograph page 68). The perimysium that surrounds each muscle

fasciculus also stains strongly. RMs.1 12 only stains the capillaries between
fibres and the intima of larger vessels (see photograph page 68).

Sections from a nerve biopsy taken from a patient with a non-inflammatory
peripheral neuropathy (tomaculous neuropathy) were also stained. In the
absence of a biopsy from a patient with completely normal nerves, this was

regarded as the normal control for the purposes of this study. W6/32 strongly

stains the capillaries, intima of large vessels, and the endoneurium
surrounding individual nerve fibres, and weakly stains the media of large

vessels. There is very weak staining of the perineurium around each nerve
fasciculus and connective tissue around vessels (see photograph page 69).

RMs.1 12 moderately stains the capillaries and intima of large vessels, the
endoneurium weakly, and the perineurium very weakly (see photograph page

6e).

Expression of HLA class I and class ll antigens in vasculitis of the peripheral
nervous system

Biopsies lrom 7 patients (4 muscle and 3 nerve) with vasculitis of the
peripheral nervous system were stained with W6/32 and RMs.1 12. The patient
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w¡th the most florid vasculitis out of the muscle biopsies also had had a biopsy
taken during remission (see above), allowing direct comparison of expression
of the HLA antigens at these different time points in the disease process.
W6132 strongly stained the following structures: capillaries between muscle
fibres, large vessels (including media), perimysium, and infiltrating cells. The
periphery of muscle fibres was more clearly stained, and the fibres themselves
were definitely weakly to moderately positive (see photograph page 70).
RMs.112 strongly stained the capillaries between fibres and the periphery of
the fibres, but not their cytoplasm.The intima of large vessels also strongly
stained, and there was moderate staining of the perimysium and infiltrating
cells (see photograph page 70). The clearest changes from the remission
biopsy were the increased staining with both antibodies at the periphery of the
fibres and the appearance of HLA class I in their cytoplasm. There is also a
probable increase in endothelial staining, but the moderate to high basal
expression makes it difficult to be ceftain. The pattern of staining was
comparable in the other muscle biopsies, and the strength of staining seemed
to correlate with the degree of inflammat¡on.

ln the inflamed nerue biopsies, there was increased staining with W6/32 of
the intima, media and surrounding connective tissue of the large vessels, and
probable increase on the endoneurium (see photograph page 71). RMs.112
was stronger on the intima of large vessels, and clearly increased on the
endoneurium (see photograph page 71). The infiltrating cells stained strongly
with both antibodies.

Discussion of sections 2.2 and 2.3

The HLA class I and class ll antigens have very similar distributions in the
normal kidney, and are predominantly found on the endothelium of glomerular
and intertubular capillaries. HLA class I is found more frequently on the tubular
cells (in low amounts), and is consistently stronger on targer vessels. The
class ll expression is predominantly composed of HLA-DR molecules, with
HLA-DQw1 and HLA-DP making minor and approximately equal
contributions.

There have been a number of studies of the distribution of HLA antigens
in kidneys and other organs. Hancock et al (1982) localised HLA class I to all
renal endothelium, Bowman's capsule, and consistently on the proximal
tubules (diffusely scattered throughout the cytoplasm), and HI-A-DR to
capillary and venous endothelium and weakly on the proximat tubutes. Harl et
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al (1981c) and Fuggle et al (1983) found that anti-HLA class I antibodies
intensely stained the glomeruli and intertubular areas (including dendritic
cells), and diffusely stained the tubules. HLA-DR was found on glomerular
mesangium, tubular cells, dendritic cells, and in low levels on all endothelium
(although stronger on the capillaries than the large vessels). ln a later study,
the same group (Fuggle et al, 1987) found that HLA-DR comprised all the
class ll antigen on the tubules of normal kidneys. Halloran et al (1996) showed
that HLA class I was strongly expressed on all endothelium, weakty on
proximal tubules, and was equivocal on other structures. HLA-DR was weak or
negative on proximal tubules, and positive on all endothelium apart from the
arteries and afferent arterioles. HLA-DQ was negative. Evans et al (1984,

1985a) found variable expression of HLA-DR, particularly on the proximal
tubules, and that the arteries were consistently negative. HLA-DQ and HLA-
DP were variably detected on all endothelium, but were most consistently
found on the intertubular capillaries and least often on the arteries (Evans et
al, 1985b).

The summary of these studies is that Hl-A class I has been described on
all cells, although there is disagreement about the mesangium and Bowman's
capsule. HI-A class ll is found on all endothelium apart from arteries and
arlerioles, and intermittently on the proximal tubules. Studies in the rat have
strongly suggested that the tubular class ll is produced by the cells themselves
rather than being non-specifically absobed onto the cells (Hart et al, 1981b,
Mayrhofer and Schon-Hegrad, 1983). The studies in this thesis have shown
less frequent expression on the tubules, but otherwise are in agreement w¡th
the other investigations. The differences may be due to the staining
techniques or sampling. The kidneys in this thesis were gemerally fixed with
PLP, whereas most other studies have studied frozen, acetone-fixed samples.

The studies in this thesis have shown that both Hl-A class I and class ll
antigens are induced on the endothelium and the tubular cells during renal
allograft rejection. The most clearcut change on the endothelium is the
increase in HLA class ll on arteries, which is in agreement with the findings of
Halloran et al (1986). The increase in tubular HLA antigens is consistent with
a number of other studies. The first documentation of tubular HLA class ll
expression during renal allograft rejection was by Hall et al (1984b), who
found that tubular HLA-DR increased significantly in 25 consecutive cases
with severe cellular rejection, but in only 4 out of 14 with no evidence or
minimum evidence only of rejection. HLA-DR was also increased on tubular
cells aspirated from kidneys undergoing acute rejection. Fuggle et al (19g6)
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also showed that the tubular HLA class ll expression correlated with cellutar
infiltrate and rejection, and later that it was made up of H|-A-DR, -De, and -Dp
(Fuggle et al, 1987). Specific polymorphic antibodies proved that the induced
antigen was of donor origin.

The studies described here again show that tubular HLA class ll
expression cc¡rrelates with acute rejection. However, Hl-A class ll molecules
can also be present on the tubules in allografts not undergoing acute
rejection, albeit usually weaker. ln addition, they have been found in chronic
rejection (Toma et al, 1987) and in a number of other kidney disorders,
especially where there is a cellular infiltrate (Wadgymar et al, 19A7, Muller et
al, 1989). ln the appropriate clinical setting, strong HLA class ll expression by
the tubular cells can correlate with acute rejection. Staining tubular cells
obtained by aspiration of the allograft or from the urine with anti-HLA class ll
antibodies may be of clinical value.

The damaged intertubular capillaries are difficult to assess during
rejection, but some groups have claimed that they express decreased
amounts of HLA antigens in this setting (Halloran et al, 1996, Bishop et al,
1989b). lt is unclear whether this is a real decrease, or just appears less
because of the local injury.

The induction of MHC antigens in inflammation is not confined to the
human kidney. lt appears that the inflamed endothel¡um in vasculitis involving
skeletal muscle and peripheral nerves expresses increased amounts of HLA
molecules, and there is new expression of HLA class I on the muscle fibres
and a dramatic increase in the expression of HLA class ll by the endoneurium
that surrounds individual nerye fibres. Appleyard et al (1985) have also found
HLA class I on muscle fibres in patients with myositis and various X-linked
muscular dystrophies.

A number of studies have looked at MHC induction in other tissues. HLA-
DQ and -DP are induced on the endothelium in proportion to the cellular
infiltrate in ileum affected by Crohn's disease (Koretz et al, 1gB7). lnduction of
HLA antigens on epithelial cells occurs in heart transplants (Rose et al, 1986),
graft-vs-host disease (on keratincytes) (sviland et at, 198g, Lampert et al,
1981), polymyositis (Rowe et al, 1983), Hashimoto's thyroiditis and Grave's
disease (on thyrocytes) (Hanafusa et al, 1g83), herpes simplex oesophagitis
(Geboes et al, 1985), and in a number of inflammatory bowel disorders (Bland,
1e88).
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ln the mouse, induction of la antigens on endothelium occurs in virus-
induced demyelination (Rodriguez et al, 1987) and rejecting skin allografts (de
Waal et al, 1983).

The upregulation of MHC antigens in these various disorders is probably
induced by cytokines produced by activated cells at the site of inflammation. y-
lF is likely to be a major mediator of this process. lt ¡nduces class I and ctass ll
antígens on cultured endothelial cells (see literature review for this section),
uveal cells (Abi-Hanna and Wakefield, 1989), keratinocytes (Czernielewsk
and Bagot, 1986), renal tubular cells (Bishop et al, 1996, Bishop et al, l ggg),
and thyroid cells (weetman and Rees, l ggg). Ï-lF injected into baboons
(Munro et al, 1989) and mice (Skoskiewicz el al, 1985) also increases MHC
expression. G-lF, TNF, and LPS, which increase class I expression and have
synergistic effects with ¡lF, probably atso contribute to the upregulation in vivo
(weetman and Rees, 1gBB, Munro et al, l ggg, Jephthah-ochola et al, l ggg).
The increased MHC expression usually correlates with the degree of cellular
infiltrate, although in experimental allergic encephalomyelitis in mice, the
endothelial la increases prior to the the influx of leucocytes (Sobels et al,
1984). This suggests that the ¡ncreased MHC may be an initiator of the
inflammation rather than a simple consequence of it.

The upregulation of HLA has a number of potential consequences in the
context of allograft rejection. lt presumably renders cells more "immunogenic"
(by increasing the number of potential targets for the host effector cetts), and
enhances any antigen presenting function (which is particularly relevant to the
endothelium). significantly, a group of patients given q,-lF as prophylactic
antiviral therapy following renal transplantation had a high incidence of
rejection, possibly secondary to induction of HLA class I antigens in the graft
(Kramer et al, 1984). In addition, one possible explanation for the initiation of
autoimmune disease is viral infection-induced aberrant expression of class ll
antigens on the cells that are the targets of the autoant¡bodies (Bott azzo el al,
1e83).
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TABLE 1: Expression of HLA class ll molecules and ICAM-1 on tubular cells
of paired biopsies of renal allogratts taken before and after transptantation.

HLA class ll rcAM-1

Pretransplantation (n = 11)

Posttransplantation

Rejection (n = 8)

No rejection (n = 4)

la0

7

0

7

0

a ICAM-1 was expressed on tubules in 2 pretransplant biopsies; the later 2
biopsies of these kidneys showed neither rejection nor tubular lcAM-1
expression.

TABLE 2: Expression of HLA class ll molecutes and ICAM-1 on tubular cells
of random biopsies of renal allografts; postanastomosis biopsies were taken
wíthin 60 minutes of initial vascularisatíon, and later biopsies were taken at the
time of acute allograft dysfunction at between 1 and 36 days
posttransplantation.

HLA class ll rcAM-1

Postanastomosis biopsies (n = 7) 3a

Later biopsies

Rejection (n = 8)

No rejection (n = 8) 2b

a The same 3 biopsies showed Hr-A crass ll and lcAM-1 expression.
u The 2laler biopsies of nonrejecting transplants that were positíve for tubular
ICAM-I also expressed HL-A class ll molecutes.

3

I
4

7
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lntroduction

The extracellular matrix (EcM) is comprised of a complex mesh of
macromolecules that surrounds cells and provides support for the tissues,
The two main classes of macromolecules that make up the EcM are the
polysaccharide glycosaminoglycans (that are usually covalenily linked to a
core protein to form proteoglycans), and fibrous proteins, the most abundant of
which are collagen, elastin, fibronectin and laminin. The fibrous proteins are
embedded in a hydrated gel formed by the glycosaminoglycan and
proteoglycan molecules. Cells (particularly fibroblasts in the connective
tissue) secrete the EcM components rocally, and attach to them via
specialised adhesion receptors. These adhesion molecules are the subject of
this section.

Extracellular Matrix components

Proteoglycans

Glycosaminoglycans are long, unbranched polysaccharide chains
composed of repeating disaccharide units. There are four main groups, of
which all but the first are linked to protein:

(1) hyaluronic acid, the largest and simplest
(2) chondroitin sulphate and dermatan sulphate
(3) heparan sulphate and heparin, and
(4) keratan sulphate.

The glycosaminoglycans can bind to other EcM molecules (eg
fibronectin), and the strength of this binding is proportional to the degree of
sulphation of the glycosaminoglycan (Ruostahti, lggg) Heparin is the most
highly sulphated and so binds most strongly. Proteoglycans are also found on
cell surfaces and can mediate cell adhesion to ECM proteins. For example,
syndecan is a proteoglycan with heparin and chondroitin sulphate side
chains. lt mediates adhesion to interstitial matrix components by binding to
fibronectin and to interstitialcollagens (types l, lll, and V), but but does bind to
the basement membrane components laminin and type lV collagen (Saunders
and Bernfield, 1988). The cell surface proteoglycans probably have an
auxillary anchoring role that complements the more specific integrin-mediated
adhesion (see later) (Ruoslahti, 1989). This is consistent with the observation
that cell surface proteoglycan associates with the actin-rich c¡oskeleton in the



75

process of cells forming stable bonds to the EcM (Rapraeger et al, 1gg6). ln

addition, the luminal surface of vascular endothelial cells bears proteoglycans
containing antithrombogenic heparan sulphate chains that significantly
contribute to the nonthrombotic properties of the vessel wall (Marcum and
Rosenberg, 1989).

Proteoglycans, mainly with heparan sulphate side chains, can form
polyanionic sites which have been implicated in the ionic control of filtration
through glomerular basement membranes (Timpl, l g8g).

Collagen
The fibrous protein collagen is the most abundant protein in the ECM.

The fibres have a characteristic triple-stranded helical structure, and are
extremely rich in proline and glycine. About 10 different collagen molecules
have been descríbed but the best characterised are types l, ll, and lll (the

fibrillar collagens), and type lV. Types l, ll, and lll are the main collagens found
in connective tissue (type I is the most common), and they form high tensile
collagen fibres. Type lv collagen is confined to and makes up the core of
basement membranes, and forms a sheet-like meshwork rather than fibrils
(Timpl, 1989). Endothelial cells can synthesise collagen (Sage et al, 1gg1),
and cultured endothelial cells will preferentially adhere to and migrate on type
lV collagen (Herbst et al, 1988). Cell lines in culture will reorganise and
resemble the morphology of the original tissue when grown in three-
dimensional collagen gels (Hall et al, 1982).

Fibronectin

Fibronectin is a large fibril-forming glycoprotein that has multiple roles in
adhesion (Mosher,1984). lt exists in three forms:

(1) plasma fibronectin, a soluble dimer implicated in coagulation,
wound healing, and phagocytosis (opsonisation),

(2) cell surface fibronectin oligomer, and
(3) matrix fibronectin, forming highly insoluble fibrils.

The basic subunit (molecular weight 220 kD) has multiple domains with
different functions. One domain binds to collagen, one to other fibronectin
molecules, and another to specific cell surface receptors, so fibronectin can
bind the ECM together as well as cells to the ECM. lt is synthesised by a
number of cells, including fibroblasts and endothelial cells (Jaffe and Mosher,
1978). Fibronectin is produced by blood vessels in response to injury (Clark et
al 1982), when it aids in the repair process. Cells can attach to the matrix
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through their interaction with fibronectin and this facilitates cell migration,
which is an important event in embryogenesis, wound repair, and
angiogenesis. For example, antibodies against fibronectin inhibit gastrulation
in amphibian embryos (Boucaut et a|,1984a).

Laminin

Laminin is a large (approximately 850 kD) complex of proteins arranged
in the shape of a cross. There are multiple functional domains, including those
that bind to type lv collagen, heparin sulphate, and specific cell surface
receptors. Laminin is an ubiquitous component of basement membranes, and
is the first ECM protein produced during embryogenesis (Timpl, 1999). lt
possesses the ability to link to cells and to other ECM components, and so
stabilises the structures adjacent to basement membranes.

Vitronectin

Vitronectin was previously known as serum spreading factor and s-
protein. lt is present in the serum where it associates with platelets, and is
found in the ECM (Hayman et al, 1983). Vitronectin has similar functions as
fibronectin, including a role in phagocytosis, coagulation, and regulation of the
complement system. lt interacts with cells via specific cell surface receptors.

There are a number of other ECM molecules, including etastin, fibrinogen,
von Willebrand factor, thrombospondin, entactin, tenascin, osteonectin, and
osteopontin. Most of these interact with the same cellular receptors as
fibronectin, collagen, laminin, and vitronectin, but they will not be described in
more detail as they have not been a direct paft of the work described in this
section.

Basement Membranes

Basement membranes, or basal laminae, are specialized sheets of ECM
that underlie all epithelial sheets and tubes, surround índividual muscle cells,
fat cells, and Schwann cells, and function as selective filters in the kidney
glomerulus and lung alveolus. They form a barrier separating the cells from
the connective tissue, although it can be traversed by neutrophils, monocytes,
and lymphocytes. Following injury to tissue, the more resilient basement
membranes form a scaffolding upon which new celts can migrate and attach,
guiding appropriate regeneration.
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The basement membrane supporting the endothelium is intimately
involved in a number of important homeostatic processes. One of these is the
movement of leucocytes from blood to the extravascular space, particularly
during inflammatory responses, which will be discussed in more detail in
section 4.

Another process is the adherence of platelets to the subendothelium
following damage to the endothelium. The normal endothelium is non-
adherent for platelets, but platelets possess receptors for a number of ECM
molecules, including the collagen and laminin in the basement membrane
(Hemler, 1990). They rapidly adhere to the exposed subendothelium and are
then activated, which initiates haemostasis and thrombosis. platelet ECM
receptors will be discussed later in this section. Fibronectin is produced by the
endothelial cells in response to the injury, and this forms a pathway to guide
the proliferating endothelial cells to then cover the defect.

The basement membrane and ECM surrounding vessels influence the
extravasation of blood-borne tumour metastases. Metastatic tumour cells
adhere preferentially to the ECM underlying endothelial cells (Kramer et al,
1980), and laminin appears to be one of the important basement membrane
component in this process (Liotta, 1986). The adhesion is mediated by specific
cell surface receptors (Graf et al, 1987a). A number of tumour cells secrete
matrix-degrading collagenases which aid the extravasation process (Liotta,
1986). Tumour cells which preferentially metastasise to a given organ adhere
better to endothelial cells cultured on ECM taken from that organ (pauli and
Lee, 1988), suggesting that the endothelial cells express specific receptors
that have been regulated by the underlying matrix. The role of inducible
endothelial cell molecules in tumour invasion will be discussed in more detail
in section 4.

Angiogenesis is another process where the endothelial cell basement
membranes are intimately involved. This can occur in normal situations (eg
inflammation, wound repair, delayed hypersensitivity reactions) and in
pathological circumstances (eg tumours, chronic inflammatory responses,
keloid formation). Angiogenesis can be studied in vitro using cloned
endothelial cells, as they retain all of the information required to form three-
dimensional tubular networks given the correct extracelfular clues (lngber et al
Cell 1989). ECM molecules promote in vitro capiltary organisation by dictating
whether the endothelial cells proliferate, involute, or differentiate in response
to soluble cues (lngber and Folkman, 1989a, 1g8gb). Endothelial cells grown
in culture without growth factor organise into capiltary-like tubular structures
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after several weeks (Folkman and Handenschild, 1990, Maciag et al, 1gg2).
This occurs within days when cultured in three dimensional collagen gels
(Montesano et al, 1983), and is stimulated by TGF-p (Madri et al, 19gg). lt
occurs within hours when they are cultured in a reconstituted gel composed of
basement membrane proteins (Matrigel, Collaborative Research Inc., Lultham,
MA) (Kubota et al, 1988, Grant et al, 1989). Laminin is the principal factor in

the Matrigel that induces this rapid differentiation, and it is mediated by two
separate laminin domains that bind to endothelial cell receptors (Grant et al,
1989). The collagen type lV in the Matrigel makes a lesser contribut¡on. The
capillary-like structures in collagen-only gels are surrounded by a basement
membrane including laminin secreted by the endothelial cells. The time taken
to form this structure may explain the slower differentiation in these gels.
These studies conclude that ECM components, principally laminin, are
important controls during angiogenesis. The endothelial cells bind to the ECM
components via specific cell surface receptors, which in turn interact with the
cytoskeleton. This is a critical step, as capillary formation requires
reorganisation of the cytoskeleton.

Receptor recognition of ECM proteins - the "RGD" sequence

ECM proteins frequently depend on the tripeptide sequence arginine-
glycine-aspartic acid (Arg-Gty-Asp, RGD) for binding to their cell surface
receptors (Ruoslahti and Pierschbacher, 19g6). The attachment site in
fibronectin has been narrowed down to a tetrapeptíde (Arg-Gly-Asp-Serine)
(Pierschbacher and Ruoslahti, 1984), in which the first three residues are
essential for activity but the serine can be replaced by other amino acids.
Synthetic peptides containing the RGD sequence can mediate cell attachment
directly when bound to an insoluble substrate, or can inhibit cell attachment to
fibronectin and other ECM proteins when in solution (Hayman et al, lggs).

Fíbrinogen contains two RGD sequences and von Willebrand factor has
one. RGD-contain¡ng peptides inhibit the b¡nding of each of these proteins to
platelets (Gartner and Bennett, 198s, plow et al, l ggsb). The same peptides
also inhibit platelet aggregation induced by ADp, collagen, and thrombin, and
platelet adhesion to fibronectin (Haverstick et al, 1995). The adhesion of
fibronectin, fibrinogen, von Willebrand factor, and vitronectin to activated
platelets is now known to be mediated by a single receptor, platelet
glycoprotein llb/llla (see later) (Pyteta et al, 1996).
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Vitronectin also has an RGD sequence that promotes cell attachment
(Suzuki et al, 1985). The adhesíon of vitronectin, von Willebrand factor, and
fibrinogen to endothelial cells is inhibited by RGD-containing peptides, and is
also dependent on a single receptor (vitronect¡n receptor - see later)
(Cheresh, 1987d, Dejana et al, 1989). Endothelial cells express a distinct
RGD-dependent receptor for fibronectin (Dejana et at, 1988b), and can also
attach to the RGD sequence in the A chain of laminin (Grant et al, 19gg).

Monocytes express an RGD-dependent receptor for fibronectin alone
(Brown and Goodwin, 1988), and share with neutrophirs another RGD-
dependent receptor for multiple ligands that resembles the platelet Gp llb/llla
and vitronectin receptors (Brown and Goodwin, 1988, Gresham et al, 19g9).
Antibodies against this receptor inhibit lgG-mediated phagocytosis that is
stimulated by fibronectin, fibrinogen, vitronectin, von Willebrand factor, and
collagen type lV.

collagen type I has six separate RGD sequences, and a cell surface
receptor for collagen that recognises this sequence has been identified
(Dedhar et al, 1987a). This is probably a low affinity receptor and is distinct
from other known collagen receptors.

The receptor for the complement protein fragment C3bi (complement
receptor type 3, cR3) recognises a region that contains the RGD sequence
(Wright et al, 1987), although RGD-containing peptides do not inhibit binding.

Tenascin, an ECM protein expressed during embryonic development and
in some undifferent¡ated tumours, also binds to an RGD-dependent receptor
(Bourdon et al, 1989).

Some cells will migrate in response to a fibronectin gradient, and this is
inhibited by RGD-containing peptides (straus et al, 1999). This again
suggests that the cellular migration along fibronectin pathways during events
such as embryogenesis and wound repair is dependent on RGD recognition
by the cell sudace receptors. Tumour cell lines selected for resistance to
detachment by RGD-containing peptides specifically overproduce receptors
for ECM proteins (Dedhar et al, 1g87b, Dedhar et ar, 19Bg). penetration

through human amniotic basement membrane and its underlying stroma by
two melanoma cell lines and a glioblastoma cell line is inhibited by RGD-
contain¡ng peptides (Gehlsen et al, l gBBb). Finally, a novel protein
engineered by introducing the RGDS tetrapeptide into a truncated form of
protein A, is able to mediate cell attachment to a substrate (Maeda et al, l ggg).
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A number of these receptors have been purified and identified using
affinity chromatography with RGD-containing peptides bound to sepharose, as
well as the specific ECM proteins bound to sepharose.

The RGD mechanism of cell attachment is highly preserved through
evolution. The RGD sequence is found in cell attachment proteins of other
specíes, including a surface protein of Escherichia coli, a Sindbis virus coat
protein (Pierschbacher and Ruoslahti, 1gB4), and rat bone sialoprotein
(osteopont¡n) (Oldberg et al, 1986). The cell substrate attachment (CSAT)
antigen is a receptor on chicken cells that has multiple ligands, including
fibronectin, laminin, and possibly vitronectin and type lv collagen. These
interactions can be inhibited by RGD-contain¡ng peptides (Horwitz et al, 1gg5,
Menko and Boettiger, 1987). The linkage between plant cell wall and plasma
membrane is mediated by an RGD-dependent recognition system (Schindler
et al, 1989). RGD-containing pept¡des inhibit attachment to fibronectin and
consequent cell invasion by the protozoan parasite Trypanosoma cruzi, which
causes Chagas'disease (onaissi et al, 1986). The aggregation prote¡n
discoidin I in the cellular slime mould Dictyostelium discoideum depends on
an RGD sequence for its cellular recognition (springer et al, 1gg4).
Gastrulation in Drosophila embryos is prevented by the injection of RGD-
conta¡n¡ng peptides into the ventral periplasm (Naidet et al, 1997).
Gastrulation in amphibian embryos is prevented by ant¡bod¡es to fibronectin
and RGD-containing peptides (Boucaut et al, 1gg4a, Boucaut et al, 1gg4b).
The same peptides inhibit neural crest migration in avian embryos (Boucaut et
al, 1984b). Lung metastasis by melanomacells in a murine model is inhibited
by an RGD-containing peptide (Humphries et al, 1996).

Thus, a great diversity of organisms has retained the RGD sequence as a
recognition signal. The importance of this mechanism is also shown by the
high degree of preservation through evolution of both the ECM proteins and
their cell surface receptors.

Although the RGD sequence is important in cellular recognition of ECM
substrates, it does not appear to account for the specificity of cell surface
receptors for distinct ligands. Over 120 proteins are known which contain the
RGD sequence, but many of these have no adhesive function. One suggestion
is that RGD sequence recognition by different receptors is dependent on the
surrounding sequences in the ligand (Ruoslahti and Pierschbacher, 19g6).
There is evidence that the RGD sequence serves as a shared binding site with
a second binding site specific for each protein. A non-RGD-containing
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sequence in the carboxyl-terminal segment of the y-chain of fibrinogen also
interacts with the platelet fibrinogen receptor GPllb/llla (Kloczewiak et al,
1984). Two major adhesive recognition sites, which function synergistically,
have been identified in fibronectin using site-directed mutagenesis (Obara et
al, 1988). one contains an RGD sequence, but the other does not, and
deletion of either results in significant loss of adhesive activity. The binding of
endothelial cells and their differentiation into capillary-like tubes when grown
on Matrigel is dependent on both an RGD-contain¡ng sequence in the A chain
of laminin, and a YIGSR site in the 81 chain (Grant et al, l ggg). A specific
67kD cell surface receptor recognises this YIGSR sequence (Graf et al, 1g17a,
Graf et al, 1987b), and this is a higher affinity interaction than that mediated by
the RGD-dependent receptor. lt has been postulated that this interaction
creates the stable contacts for long-term attachment, whereas the RGD-
dependent receptor is important for initial cell adhesion and for the transient
contacts of motile cells (Basson et al, 1990). Synthesised YIGSR pentapeptide
inhibits lung metastasis in mice injected with melanoma cells and inhíbits
invasiveness of the cells in vitro (lwamoto et al, 1987), presumably by blocking
tumour cell adhesion to the basement membrane.

Extracellular matrix receptors

Many of the cell surface receptors for ECM glycoproteins, and particularly
those that recognise the RGD sequence, belong to a family of homologous
molecules known as the integrins (Hynes, 1gB7). These receptors are all
heterodimers consisting of an cr chain non-covalently bound to a smatler p

chain. The integrin family is further subdivided into subgroups on the basis of
distinct p chains. originally three groups (with p1, p2, ârìd fu chains) were
described, but more recently Ba and at least two other p chains have been
found. The different p chains are significantly homorogous, as are the
associated a chains, which suggests that they evolved from a single precursor
receptor (probably for fibronectin) by a process of separate gene duplications.

Table 3 (page 103) summarises the integrin family.
This section first reviews the p1 family, which in humans is often referred to

as the very late antigens (VLA) family, followed by what is known about the p4

chain. The introduction concludes with a review of the ps family, which
includes the human cytoadhesins (platelet glycoprotein llb/llla and the
vitronectin receptor), and the current knowledge of other integrin p chains. The
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p2 integrins, which are not primarily involved in interactions with the ECM, will
be discussed in section 4.

The 9r integrin family

Cell surface receptors for ECM prote¡ns have generally been defined by
one of the following three experimental approaches:

(1) production of antibodies (monoclonal and polyclonal) against cell
surface molecules, followed by the specific selection of antibodies that block
cell adhesion to ECM components;

(2) affinity chromatography using EcM ligands or RGD-containing
peptides bound to sepharose columns; and

(3) monoclonal antibodies produced against cell surface structures
that were later shown to be ECM receptors.

Much of the current knowledge concerning this family of molecules stems
from the original isolation of an ECM receptor on chicken cells using two
monoclonal antibodies ("cell substratum attachment" ICSAT], and JG22) that
inhibited cell adhesion to ECM components (Greve and Gottlieb, 1982, Neff et
al, 1982). A similar receptor had been isolated from baby hamster kidney cells
by a polyclonal antiserum (Wylie et al, 1979). These antibodies inhibit cell
adhesion to vitronectin, fibronec{in, laminin, and collagen types I and lV (Buck
and Horwilz, 1987, Horwitz et al, 198S, chen et al, l ggs). The complex
defined by these antibodies localíses at s¡tes of cell adhesion, and the purified
ant¡gen binds directly to ECM molecules (Buck and Horwitz, 1g87).lt is found
in myogenic cells and fibroblasts in culture along stress fibres and at their
termini in focal contacts with the substratum (Damsky et al, l gBS). These sites
correspond to extracellular fibronectin fibrils and intracellutar cytoskeleton-
associated molecules such as vinculin, talin, and a-actinin (Chen and Singer,
1982, Chen et al, 1985). These intracellular proteins are thought to form the
linking chain between the cytoskeletal ac{in filaments and the cytoplasmic face
of the plasma membrane, and are localised at sites of actin-membrane
attachment. Talin is a major cytoplasmic protein implicated in the shape
change that platelets undergo after activation (O'Halloran et al, 1g8S). Specific
interaction between the CSAT comptex and talin has been demonstrated
(Horwitz et al, 1986) and is stimulated in lymphocytes by the phorbol ester
phorbol 12-myristate 13-acetate (PMA) (Burn et al, 1988). Another protein has
also been identifíed (fibulin) which is a potential mediator of interactions
between the cytoskeleton and ECM receptors (Argraves et al, 19g9). The
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csAT complex is persistently phosphorylated in chicken cells after
transformation with the Rous sarcoma virus, which is initiated and maintained
by the protein product of the viral v-src gene (Hirst et al, 1986). These cells
exhibit decreased adhesiveness, loss of cell surface fibronectin, abnormal cell
migration, dissolution of stress-fibre bundles, and ultimately a rounded,
transformed cell morphology. lt is probable that the phosphorylation interferes
with the interaction between OSAT and the cytoskeleton. ln contrast,
differentiation of F-9 teratocarcinoma cells is associated with decreased
phosphorylation of the complex which temporally coincides with the
appearance of a highly structured aclin cytoskeleton and accumulation of
fibrillar fibronectin deposits (Dahl and Grabel, 1989).

These results demonstrate that the CSAT receptor complex functions as a
receptor for ECM molecules and interacts with the cytoskeleton. The name
integrin has been proposed for this complex to denote its role as an integral
membrane complex involved in the transmembrane association between the
ECM and the cytoskeleton (Tamkun et al, 1986).

The CSAT and JG22 antibodies both immunoprecipitate (by SDS-PAGE)
a broad band of molecular weight 140kD under reducing conditions, and 3
bands of molecularweight 1oOkD (band 1), 13s kD (band 2), and 11okD
(band 3) under non-reducing conditions (Knudsen et al, 19BS). Further
experiments showed that the complex is a mixture ol 2 heterodimers in which
band 3 is a common subunit bound to the distinct band 1 and band 2 subunits.
Band 3 is now known as the integrin p1 chain, and the other bands are q,

chains. OSAT and JG22 recognise epitopes on band 3, and so precipitate
both dimers (Buck et al, 1986).

Molecules that are similar to CSAT and function as ECM receptors have
been found in a number of other organisms. Monoclonat antibodies that inhibit
the adhesion of fibroblastic Chinese hamster ovary cells to fibronectin bind to
epitopes on the cr and p chains of a 140k0 (reduced) complex (Brown and
Juliano, 1985, Brown and Juliano, 1988). The position specific (pS) antigens
(PS1 and PS2) in Drosophila are found on cells of the dorsal and ventral
compartments of the mature wing imaginal disc (wilcox and Leptin, lggs).
Each PS antigen is a heterodimer, and they share a common 110 kD chain
that has 45% sequence identity to chicken and human p1 subunits (MacKrell et
al, 1988). Integrin cr chains also have significant homology with the other pS

ant¡gens (Bogaen et al, 1gBZ, Leptin et at, 1997), and so the ps antigens are
members of the integrin family. They are necessary for wing development in
Drosophila embryos (Brower and Jaffe, 1gB9), and appear to be involved in
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muscle attachment (Bogaert et al, 1987). The lethal myospheroid mutation in
Drosophila is due to an abnormality of the gene that encodes the pS antigen p

subunit, and the embryos have defective musculature and a phenotype that
suggests a defect of basement membranes (MacKrell et al, 19gg). This
indicates that the PS integrins are ECM receptors used to attach mesoderm to
ectoderm during embryogenesis, and that they are required for the proper
assembly of the ECM and for muscle attachment (Leptin et al, 1g8g). A role for
integrins in muscle development in chickens has also been described (Menko
and Boettiger, 1987).

ECM receptors that belong to the integrin family have atso been found in
the amphibian Xenopus laevis (Desimone and Hynes, l ggg), murine T
lymphocytes (Maxfield et al, 1989), rat neurons and hepatocytes (Tomaselli et
al, 1988, Gullberg et al, 1988), the nematode caenorhabditis elegans, andthe
yeast Candida albicans (Marcantonio and Hynes, l gBB). Antigens that
mediate ECM adhesion but are less clearly related to the integrins have been
described in sea urchins (Noll et al, 1985), staphylococcus aureus (Flock et al,
1987) and the cellular slime mould Dictyostelium discoideum (Gabius et al,
1s8s).

The integrin famíly has been highly preserved through evolution, which in
itself shows the importance of ECM receptors. The family is highly developed
in humans, and the remainder of this section discusses those receptors.

The human Þr integrin (VLA) family

Human monocyte receptors for fibronectin were described in 1981
(Bevilacqua et al, 1981), and an anti-monocyte monoclonal antibody that
blocked adhesion to fibronectin was produced by Hosein and Bianco (1gBS).
ln "Western" blotting experiments, it was shown to recognise a single chain of
110 kD (reduced and non-reduced). The clear demonstration of a human
fibronectin receptor that belonged to the ¡ntegrin family was provided by pytela

et al (1985a), who purified a 140 kD receptor from MG-63 human
osteosarcoma cells on a fibronectin affinity column. The 140 kD protein was
specifically eluted by RGD-containing peptides, and when it was incorporated
into liposomes they bound to fibronectin (which was also blocked by RGD-
conta¡ning peptides). MG-63 cells selected for resistance to detachment from
fibronectin by RGD-containing peptides specifically overproduce this
fibronectin receptor (Dedhar et al, 1gg7b). The amino acid sequence of the
human fibronectin receptor has been determined (Argraves et al, 1gB7). The
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crchain has 1008 amino acids and is 46% homologous to the a subunit of the
vitronectin receptor (part of the cytoadhesion [fu] family - see later). The p
chain has778 amino acids and is 85% homologous to the csAT p chain
(Tamkun et al, 1986), 44%lo the human p3 chain, and 47"/olo the human p2

chain. These three p chains all have complete conservation of 5G cysteines in

the extracellular portion, many of which are located in four repeating motifs
within a cysteine-rich region in the caboxyl-terminal half of the molecule
(Hemler, 1990).

The members of the human p1 integrin family are often grouped under the
title Very Late Antigens (VLA) of which the fibronectin receptor described
above is VI-A-S. The six VLA molecules are heterodimers with distinct o
chains (designated cr1 to c5) non-covalently linked to the human p1 chain
(Hemler, 1990) and they have all been implicated as cell suñace receptors for
ECM molecules. The p1 chain has been designated CD29, and the a chains
CDw49a-f. The name "VLA" comes from the original description of VLA-1 and
vL;A-2 as antigens that appeared on T lymphocytes atter 2 to 4 weeks of in
vitro stimulation, which is much later than other markers of T cell activation (eg
lL-2 receptor, transferrin receptor, HLA class ll) (Hemler et al, 19Bs). The
monoclonal antibody that identified these antigens (A-1As) binds to an
epitope on the human p1 chain. Five of the VLA family have been identified in

studies with this antibody (vLA-1 to -5) (Hemter et al, 19g7a) and their cr

subunit N-terminal amino acid sequences show an average oÍ 42ï. homology
to each other (Takada et al, 1987b). They also have 31 to 40/. homology to a
subunits from the human p2 and ps families and the PS antigens in

Drosophila. However, the shoñ c-terminal cytoplasmic domains (15 to 53
amino acids) have very little homology to each other, which suggests that they
may each have unique interactions with the cytoskeleton (Hemler, 1990). ln
contrast, the cytoplasmic domains of the p1 subunits from different species are
highly conserved.

The ßr chain

The Êr chain identified by A-145 has a molecular weight by SDS-PAGE of
130 kD under reducing conditions and 11OkD under non-reducing conditions,
which suggests that it has intrachain disulphide bonding (Hemler et al,
1987a). The gene for it has been mapped to chromosome 10 (Messer-Peters
et al, 1984).
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The p1 chain is identical to platelet glycoprotein lla (Pischel et al, 19BB),

and has been isolated from cultured human endothelial cells (van Mourik et al,

1985). VLA proteins have been found on almost all cell types examined
(except red blood cells) and many cell lines (Hemler et al, 1gï7a, Hemler,
1988b). The monoclonal antibody A-145 does not bind to neutrophils (Hemler
et al, 1987a), but another study using a different anti-p1 monoclonal antibody
isolated p1 chains on neutrophils that associate with a possibly novel cr chain
to form a receptor for laminin (Bohnsack et al, 1990).

A number of monoclonal antibodies that recognise the human p1 chain
have been described in addition to A-1A5 (Hemler et al, 1984, Morimoto et al,
1 985, Kandor et al, 1987, de Stooper et al, 1g8g, Akiyama et al, 1ggga, Amiot
et al, 1986, Brown et al, 1989). An interesting example is the monoclonal
antibody 484, which was originally defined as a marker of the human T
lymphocyte helper inducer subset that stimulates antibody production
(Morimoto et al, 1985) and induces CD8-mediated cytotoxic¡ty (Kalish et al,
1988). 484 was only later found to recognise the p1 chain. Studies with 484
have shown that human memory T cells express high levels of CD29 along
with a number of other adhesion related molecules (LFA-3, cD2, LFA-1 , CD44
- see section 4) (sanders et al, 1988a, sanders et al, 1g88b). Memory cells
differ from naive cells in that they have been activated in the past (typically by
antigen), and proliferate vigorously when restímulated with that antigen.
Hence, CD29-high T lymphocytes are less common in the neonate (5% of the
T lymphocytes in umbilical cord blood) than in adults (40% of T lymphocytes).
CD29-high T lymphocytes also predominate in the lamina propria of the gut
(James et al, 1986), synovial fluid of rheumatoid joints (Emery et al, 19g7), and
in perivascular locations in the skin (Bos et al, 1gB7), which are sites of
part¡cularly high exposure to antigen. lt is possible that the higher expression
of these adhesion molecules confers an increased adhesive capability that is
important in the function of memory cells.

Little is known about the factors that regulate the cellular expression of the
p1 chain. Transforming growth factor-p1 stimulates expression of the p1 subunit
and associated a subunits, as well as stimulating the production of ECM
proteins (Heins et al, 1989, lgnotz and Massague, 1987).

VLA-1 (ar0r. CD49a/CD29)

The original studies with the monoclonal antibody A-145 identified three
distinct bands (molecular weights 210, 165, and 130 kD reduced) precipitated
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from T lymphocytes that had been stimulated by phytohaemagglutinin (PHA)
or by alloantigen (irradiated B lymphoblastoid cells) (Hemler et al, 1gB3). A
single 130 kD band only was precipitated from resting T lymphocytes, but the
other two bands appeared after several days of stimulation, particularly
following the addition of exogenous lL-2. The pl chain migrates as part of the
130 kD band, and the 210 kD and 165 kD bands correspond to the cr chains of
vLA-1 and vLA-2 respectively. Another anti-p1 antibody (TS2/16) was

described in a later report (Hemler et al, 1gB4), as well as a monoclonal
antibody (Tszn) that was specific for the s chain of vLA-1 (Hemler et al,
1985b). Other anti-VLA-1 a chain monoclonal antibodies include 183.1 (Bank

et al, 1989), raised against a cloned lL-2-dependent cell line that expressed
the yô T cell receptor, sR84 (Rettig et al, 1984), and s2G3 (Hall et al, 1990).

The molecular weight of Vl-A-1 under non-reducing conditions is 2OO kD
(c chain) and 110 kD (p chain), and the non-reduced molecular weight of the
cross-linked dimer is 310 kD, showing that it exists as a 1 :1 heterodimer (as do
the other VLA molecules) (Hemler et al, 1987a).

The VLA-1 complex appears to define a novel late stage of T lymphocyte
activation (Hemler et al, 1985a). lt is found on nearly all long-term activated T
lymphocytes (including those that have lost their lL-2 receptors), and on
human T leukaemia virus-1 infected T lymphocytes (which have an activated T
cell phenotype). lt is co-expressed with VLA-2 on many but not all of these
cells. VLA-1 is also expressed by activated thymocytes (Sanchez-Madrid et al,

1985). The relative expression of Vl-A-1 to other VLA molecules depends on
cell growth conditions, and increases in cell cultures that are quiescent and
deprived of serum (Fingerman and Hemler, 1988). Elevated VLA-1 is found on
lymphocytes taken from the synovial fluid of patients with rheumatoid arthritis
(Hemler et al, 1986) and in the peripheral blood of patients with multiple
sclerosis (Hafler et al, 1985). lt has been speculated that VLA-1 characterises
a subpopulation of r cells that is activated but nonproliferating, and
"compartmentalised" in certain parts of the body (saltini et al, 19g6).

VLA-1 is expressed in low amounts on peripheral blood monocytes but
not on B lymphocytes or platelets (Hemler, 1990), and is also scarce on most
cell lines (Hemler et al, 1984). lt is found on a human neuronal cell line along
with V1-A-2 (Pischel et al, 1986), and on the T lymphoblastoid cell line C8215
and fibroblast line GM3349 (Pischel et al, 1987). ln contrast, it is expressed in

many tissues, particularly on the blood vessels (Hemler et al, 1gB4).
VLA-1 is a functionally important ECM receptor on certain cell lines.

Neuroblastoma cell lines specifically selected for resistance to detachment
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from purified fibronectin, collagen type l, and laminin by RGD-containing
peptides, overproduce vLA-1 (Dedhar et al, l g8g). The collagen receptors
isolated by atfinity chromatography from the human MeWo melanoma cell line
are vLA-1 and vLA-2 (Kramer et al, 1989a). Neither are retained on
fibronectin- or laminin-Sepharose columns. In contrast, a laminin receptor
identified on neuronal cells is probably Vl-A-1 (lgnatius and Reichardt, 1gB8),
and the anti-VLA-1 monoclonal antibody S2G3 inhibits the attachment of
human JAR choriocarcinoma cells to collagen type lV and to the elastase
fragment E1 of laminin (Hall et al, 1990). These differences in the ligands for
the Vl-A-1 on various cell types suggests that there is some heterogeneity of
the VLA-1 molecules expressed by these cells, or that other factors influence
the selection of ligand.

VLA-2 (cr2Êr. CDagb/CD29)

The VLA-2 molecule was identified on long-term activated T lymphocytes
by the monoclonal antibody A-145 (Hemler et al, 1983). The molecular weight
of the cr chain is 165kD under reducing conditions and 150 kD non-reduced
(Hemler et al, 1987a). The primary amino acid sequence of the s chain has 1B

lo 25/" homology to other integrin o chains (Takada et ar, l gggb).

Several monoclonal antibodies that bind to the s chain of VLA-2 have
been described. 12F1 was used to demonstrate that VLA-2 is expressed by
platelets, monocytes, lymphocytic cell lines, and fibroblasts (Pischel et al,
1987). The monoclonal antibody 5E8, which binds to many lung tumour cell
lines and excised human lung tumours, is anti-VI-A-2 (zylslra et al, 1996).
CLB-10G1 1 also recognises VLA-2, and was used to show that it is expressed
by cultured HUVEO (Giltay et at, 1989). The ECM receptor for coltagen
(ECMRll), identified with the monoclonal antibody P1H5 (Wayner and Carter,
1987), is identical to VLA-2.

VLA-2 on platelets corresponds to the previously described platelet
glycoprotein lallla complex (Pischel et al, 1988). Patients whose platelets lack
glycoprotein la have defective collagen-induced platelet aggregation
(Niewenhuis et al, 198s, Kehrel et al, 1ggg, Bienz et al, lggg). vlA-2 is the
mediator of Mg**-6ependent adhesion of platelets to collagen (Santoro, 1986,
Kunicki et al, 1988, Staatz et al, 1989), and it specifically binds to the ø1 (l)-
CB3 fragment of coltagen type I (Staatz et al, 1990). lt is likely that it binds to
an identical or similar sequence of amino acids in other types of collagen.
using the anti-Vl-A-2 monoclonal antibody GF1, coller et al (1999)
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demonstrated that collagen interac{s directly with glycoproteín lallla
suggesting that platelets can interact directly with exposed subendothelial
collagen as well as indirectly via von Willebrand factor. However,VLA-2 does
not mediate platelet adhesion to fibronectin or laminin (Sonnenberg et al,
1988b, Staatz et al, 1989).

The anti-ECMR ll antibody P1H5 inhibits the adhesion of the human
fibrosarcoma cell line HT-1080 to collagen types I and Vl, but not to fibronectin
or laminin (Wayner and Carter, 1987). VLA-2 is one of the cotlagen receptors
(with Vlá-1) that are expressed by the human Mewo melanoma cell line
(Kramer et al, 1989a). Neither is retained by fibronectin- nor laminin-
Sepharose columns.

ln contrast, vLA-2 on cultured HUVEO is both a collagen and taminin
receptor (Languino et al, 1989, and observations in this thesis), as well as on
the human melanoma cell line LOX (Elices and Hemler, 1989). As there is no
apparent structural diversity between the VLA-2 receptor from these different
cell lines, it is unclear why VLA-2 on some cells is a collagen receptor alone,
but on other cells is a collagen and laminin receptor.

Vl-A-3 (cß0r. CDw49c/CD29)

The a chain of VLA-3 has an apparent molecular weight of 150kD under
non-reducing conditions, but when reduced separates into 135Kd and 25kD
fragments which had been disulphide bonded to each other (Hemler et al,
1987a). The gene for the cr chain is located on chromosome 17 (Rettig et al,
1s84).

The VLA-3 heterodimer has immunological cross-reactiv¡ty with the
chicken csAT complex (Takada et al, 1997a), which has fibronectin and
laminin receptor activity (Horwitz et al, 1985). Vl-A-3 is an ECM receptor with
multiple ligands,like the CSAT complex, but may have lower affinity than other
VLA receptors. lt binds to immobilised laminin, but with less affinity than VLA-2
(Elices and Hemler, 1989), and to fibronectin and type lv collagen to some
extent (Gehlsen et al, 1g8g). The ECM receptor EcMRl, recognised by the
monoclonal antibody P185, is identical to vLA-3 (Takada et al, l ggg). pl Bs
inhíbits cellular attachment to types I and vl collagen, and partially to
fibronectin and laminin (Wayner and Carter, 1987). Vl-A-3 also binds to the
protein invasin on the surface of the enteropathogenic bacterium Yersinia
pseudotuberculosis, which med¡ates the entry of the bacterium into
mammalian cells (lsberg and Leong, 1990). lnvasin also binds to vLA-4, -5,
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and -6, but not to other members of integrin families. Antibodies against the B1

chain inhibit the invasin-promoted entry of bacterium ¡nto mammalian celts.
The VLA-3 cr chain is also recognised by the monoclonal antibodies J143

(Fradet et al, 1984) and vM-2 (Kaufmann et al, 1999). lt is expressed by most
cell lines, particularly adherent ones, but is only weakly expressed or absent
from blood cells and lymphoblastoid cells (Hemler et al, 1gï7a, Fradet et al,
1984, Hemler, 1990). VLA-3 is associated with the intercetlular contact sites of
cultured cells (Kaufmann et al, 1989), and its expression is increased by
culturing adherent cells on ECM components (Kantor et at, 1997, Rettig et al,
1e86).

VLA-3 is eluted from fibronectin affinity columns by salt rather than RGD-
containing peptides (which elute the fibronectin receptor VLA-S - see later)
(Gehlsen et al, 1 988a, wayner and carte r, 19g7), suggesting that vLA-3 is not
an RGD-dependent receptor.

VLA-4 (q/0r. CDasd/CD29)

The existence of a distinct VLA-4 structure was originally deduced from
the study of cell lines that express VLA molecules but lacked the cr chains of
vLA-1 ,-2,-3, or -5 (Hemler et al, 1987a). This was proven when a specific anti-
vLA-4 cr chain monoclonal antibody (B-sG10) was produced (Hemler et al,
1987b). The VLA-4 sJþ association is quite labire, and the a chain is
susceptible to proteolysis. This explains why immunoprecipitates of VLA-4
often contain additional 80 and 70 kD proteins which are cleavage products of
the cr chain. The primary sequence of the c chain has a potential protease

cleavage site near the middle of the coding region, which appears to explain
the appearance of these fragments (Takada et al, 1989a). The sequence is 17
to 241" similar to other integrin s chains. The molecular weight of the q, chain
is 150kD under reducing conditions, and 140 kD when non-reduced. VLA-4 is
identical to the lymphocyte surface antigen L25 (Mclntyre et al, 19g9), and
antibodies against L25 inhibit cytotoxic T lymphocyte-mediated lysis of target
cells, suggesting that VLA-4 has a role in cellutar adhesion (Clayberger et al,
1987a). The monoclonal antibody HP2/1 also binds to the a chain of VLA-4
(Sanchez-Madrid et al, 1986).

vLA-4 is expressed on monocytes, lymphocytes, thymocytes, and most
lymphoblast and myeloblast cell lines, but is weak or absent on most adherent
cell lines (Hemler et al, 1987b). lt is more prominent on cells that grow in
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suspension, suggesting that its function may be different from the other VLA
molecules.

Vl-A-4 appears to have a variety of functions. The anti-L2s monoclonal
antibody induces antigen-independent homotypic aggregation of lymphocytes
and human T and B cell tumour cell lines (Bednarczyk and Mclntyre, 1g9O),
which is inhibited by another anti-Vl-A-4 antibody 85G10. This aggregation is
energy- and cation-dependent. An antibody (l(2O) binding to the p subunit of
VLA-4 inhibits CD4-positive T lymphocyte proliferation tr¡ggered by CD2 or
CD3, and the binding of K20 to activated T lymphocytes increases cyclic AMp
levels (Groux et al, 1989). These experiments suggest that the vLA-4
molecule on T lymphocytes has a role in cellular activation and transduction of
signals to the cytoplasm.

Other studies have shown that VLA-4 functions as a cell surface adhesion
receptor. The a chain of Vl-A-4 is highly homologous to the a chain of the
murine lymphocyte cell surface heterodimer LpAM-1 (lymphocyte peyer,s

patch high endothelial venule (HEV) adhesion molecule-1 - see section 4)
(Holzmann et al, 1989a), which mediates the adhesion of murine lymphocytes
to HEV in Peyer's patch. The B chain of LPAM-1 is distinct from the integrin p1

chain. Another important property of VLA-4 is that it binds to a newly described
molecule on activated endothelial cells called vascular cell adhesion
molecule-1 (VCAM-1) (Elices at al, 1990). This witl be discussed in more detait
in section 4.

VLA-4 also has ECM receptor function in that it binds to fibronectin, which
has two distinct domains for cell attachment (Humphries et al, 1988). The first
is located in the centre of the molecule (the central cell-binding domain),
contains an RGD sequence, and is found in all fibronectin molecules. lt is
recognised by VLA-S (or its equivalent) on a variety of cells. The second is in
the type lll connecting segment region of the molecule, which is alternatively
spliced in a complex manner from precursor mRNA (Mould et al, l ggo). lt is a
ligand for a more restricted group of ceil types, and is not found in all
fibronectin molecules. The most active cell binding site in this region
comprises the f¡rst 25 amino acids, known as the connecting segment -1 (CS-
1) site. VLA-4 is the lymphocyte and lymphocytic cell line receptor for this
region (wayner et al, 1989, Guan and Hynes, 1990, Mould et al, 1ggo, Garcia-
Pardo et al, 1990), which has been previously defined as a fibronectin
adhesion site for melanoma cells. Antibodies against Vl-A-4 partially inhíbit
lymphocyte adhesion to intact fibronectin, and specifically inhibit adhesion to
fragments containing the CS-1 segment. This adhesion is not dependent on
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RGD-recognition, and has been localised to a highly conserved 1O amino acid
segment in the fibronectin. The binding epitope on VLA-4 for fibronectin is
distinct from that for VCAM-1 (see section 4).

VLA-S (cr50r. CDw49e/CD29)

The RGD-dependent human fibronectin receptor (Pytela et al, 1985a) is
identical to VLA-S (Hemler et al, 1987a, Takada et al, 19g7a) and ECMR vl
(wayner et al, 1988). lt has approximately 90% homology to the equivalent
receptor in the mouse (Holers et al, 19gg). The o chain has an apparent
molecular weight of 150 kD non-reduced, but like vl-A-3 (and vLA-6)
separates into two fragments (135 and 2s kD) upon reduction. As a
consequence, the a and p chains run as a broad band at about 130 kD under
reducing conditions. The two fragments of the s chain are post-translationally
processed from a single mRNA and linked to each other by disulphide bonds
(Fitzgerald et al, 1987). The small fragment has a hydrophobic region near its
carboxyl end that appears to be a transmembrane segment. The receptor can
assemble and be inserted into the plasma membrane without complete
oligosaccharide processing, but the oligosaccharide-mature form is necessary
for its adhesion function (Akiyama et al, 1999b).

vLA-s is expressed by lymphocytes and lymphocytic ceil rines,
monocytes, U937, platelets, fibroblasts, but is weak or absent on epithelial cell
lines (wayner et al, 1988, Garcia-pardo et al, 1989, Brown et al, l g8g)j

HUVEO express vLA-s (confofti et al, 1g8g, Languino et al, lg8g), and when
these cells are grown on fibronectin, the receptors cluster at focal contacts and
are associated with intracellular vinculin and stress fibre formation (Dejana et
al, 1988b). VLA-5 on platelets corresponds to part of the previously described
platelet glycoprotein lcllla (Pischel et al, 1988, Hemler et al, 19BBa) (the other
part is vl-A-6 - see later), and functions as an activation-independent
fibronectin receptor (Piotrowicz el al, 1 g8B).

Antibodies against VLA-S inhibit the binding of various cells to fibronectin,
including lymphocytes, fibroblasts, platelets, endothelial cells, and vLA-S-
expressing cell lines (wayner et al, 1ggg, charo et al, 1997, Akiyama et al,
1989a). They have no effect on adhesion to collagen or laminin. They also
interfere with the assembly of an extracellular matrix by cuttured cells by
impairing the retention of fibronectin on the cell surface (Akiyama et al,
1989a). Some cell lines migrate on fibronectin, and this is specifically inhibited
by anti-VLA-S antibodies and by RGD-containing peptides (Straus et al, 19Bg).
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Studies on Chinese hamster ovary cells which are motile on fibronectin
suggest that their fíbronectin receptors are recirculated back to the leading
edge of the cell through the endocytic cycle (Bretscher, 1989), thus enabling
the cell to attach itself to the substrate as it extends itself forward. Activated T
lymphocytes express increased VLA-S (Wayner et al, 198S) and adhere more
strongly to the RGD-containing segment of fibronectin. This complements the
vLA-4-mediated adhesion to the non-RGD site (wayner et al, 19g9).
Treatment of the VLA-S-expressing erythroleukaemic cell line K562 with 12-O-
tetradecanoylphorbol 13-acetate (TPA) reduces the binding of the cells to
immobilised fibronec'tin, even though they express 1O-fold more surface VLA-5
(symington et al, 1989). The vLA-S molecules expressed by these TpA-
treated cells are functionally less efficient and have different electrophoretic
mobility, due to altered N-linked glycosylation, possibly involving changes in
sialylation.

VLA-6 (qsÞr. CD49f/CD29)

The ø chain of VLA-6 was originally defined by the monoclonal antibody
GoH3, which was developed as a marker of mouse mammary gland
development (Sonnenberg et al, 1986). Since then two other antibodies have
been reported (Hsi et al, 1987, Kennel et al, 1981, Hemler, 1990). lts
molecular weight is 140 kD non-reduced and 120 kD reduced (plus a 30 kD
chain). The amino acid sequence is 18 to 26o/" homologous to other integrin cr

chains (Tamura et al, 1gg0).

GoH3 recognises the human platelet lc/lla complex, and binds to
epithelial cells in variety of tissues in both man and mouse, including the
endothelium (Sonnenberg et al, 1987). The platelet lc/lla complex recognised
by GoH3 is distinct from that defined by anti-VLA-S monoclonal antibodies
(Hemler et al, 1988a), although they are structurally very similar. The originally
described platelet lc is in fact composed of the a chains of VI-A-S and Vl-A-6,
and hence platelets express vLA-2, -S, and -6 (Hemler et al, 19gga, pischel et
al, 1988). Platelets can adhere to laminin and fibronectin without being
activated (lll et al, 1984), and GoH3 inhibits platelet adhesion to laminin
(Sonnenberg et al, 1988b). The major attachment domain in laminin for VLA-6
on human JAR choriocarcinoma cells is in the elastase fragment E8, which is

distinct from the attachment site for VLA-1 (Hall et al, 1990, Sonnenberg et al,
1990). Therefore, the three VLA molecules on platelets mediate adhesion to
collagen (VLA-2), fibronectin (VLA-S), and taminin (VLA-6).
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The a chain of vLA-6 associates with the pr chain on other cell types,
including monocytes, endothelial cells, fibroblasts, and some tumour cell lines
(Hemler et al, 1989). However, it also associates with a different subunit to
form a novel heterodimer on mouse mammary tumour cells (Sonnenberg et al,
1988a) and on a number of human epithelial and carcinoma cell lines (Hemler
et al, 1989, Hsi et al, 1987). This subunit has been designated the integrin pr

chain, as it has partial amino-terminal sequence homology to the other
integrin p chains.

Other Êr integrins

A 100 kD subunit has been described that associates with the Bj chain but
is electrophoretically and ímmunochemically distinct from the 6 VLA g chains
(Kramer et al, 1989b). This complex was purified from human Mewo
melanoma cells by affinity chromatography on laminin-sepharose columns
(and not fibronectin- or collagen-sepharose columns), and so presumably
functions as a laminin receptor on these cells.

Two antibodies against the B1 chain precipitate a broad band at 125 to
135 kD (reduced and non-reduced) from neutrophils that is distinguishable
from known VLA molecules (Bohnsack et al, 1990). The relationship between
this complex and members of the VLA family is unknown.

The role of VLA molecules in cell signalling and T lymphocyte activation

There is now considerable evidence that VLA molecules have signal
transducing functions. The make-up of the substratum influences the
expression and deposition of ECM components by cells in culture, which
suggests that the ECM receptors are transducing signals which alter the
cellular phenotype (Streuli and Bissell, lggo). Similarly, mouse peritoneal
macrophages are induced to accumulate GM-csF mRNA and release GM-
csF by adherence to fibronectin as well as by inflammatory agents and
phagocytosis (Thorens et al, 1987), and human monocytes are selectively
induced to produce DNA encoding mediators of tissue inflammation and
repair following adherence to ECM components (sporn et al, l ggo).

Antibodies against the fibronectin receptor on rabbit synovial fibroblasts
induce the expression of genes encoding the secreted EOM-degrading
metalloproteinases collagenase and stromelysin (werb et al, l ggg),
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demonstrating the transmission of signals via this receptor that enable the
cells to influence their adjacent microenvironment. This induction of
prote¡nases is inhibitable by the anti-inflammatory corticoid dexamethasone.

T lymphocytes adhere to immobilised fibronectin via Vl-A-4 and -S, and to
immobilised laminin via vLA-6 (Kurki et al, 1987, Shimizu et al, 1990a). This
binding is augmented upon cell activation without changes in the levet of
expression of the VLA molecules, which suggests that there is an alteration in
the molecules themselves (structural, conformational, clustering) or in their
adjacent microenvironment that increases the affinity for their ligands. This is
in contrast to the situation on most cells where the VLA molecules appear to
be constitutively avid for their ligands. However, the differentiation of T
lymphocytes into the memory phenotype is accompanied by a several-fold
increase in the expression of these receptors and a consequent more efficient
binding to fibronectin and laminin.

Fibronectin synergises with anti-CD3 antibody to stimutate CD4-positive T
lymphocyte proliferation in a serum-free culture system, and this is blocked by
anti-p1 antibody binding to the Vl-A-s on the CD4-positive cells (Matsuyama et
al, 1989). This suggests that increased expression of vLA-s and its
consequent adhes¡on to fibronectin are impoftant contributions to the helper-
inducer properties of CD29-high CD4-positive T lymphocytes. Other studies
(shimizu et al, 1990b, Davis et al, 1990) have found that both VLA-4 and -5
contr¡bute to the fibronectin-facilitated proliferation, and also that taminin can
facilitate CD3-mediated T lymphocyte proliferation (via the VLA-6 on the T
lymphocytes). The vlA-S-mediated costimutation was blocked by RGD-
containing peptides, whereas the VlA-4-mediated costimulation was inhibited
by a 12 amino acid peptide derived from the alternatively spliced type lll
connecting segment of fibronec{in. The costimulation of T lymphocyte
proliferation by fibronectin and laminin was stronger than the costimulatory
signals provided by cytokines such as lL-1p, lL-6, and lL-7. Another study has
shown that immobilised collagen can also costimulate CD4+ T lymphocytes
with anti-cD3, via the vl-A-3 complex and the cD26 molecule on the T
lymphocytes (Dang et al, 1990).

These results suggest that the p1 integrins can function as signalling
molecules as well as adhesion molecules, and may influence antigen-specific
T lymphocyte recognition. Thus they could serve the dual purpose of
temporarily anchoring activated and/or memory T lymphocytes at sites of
inflammation (eg during rejection) as well as facilitating the antigen
recognition and activation that determines effector function.
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The cytotoxic function of NK cells and lymphokine-activated killer (LAK)
cells may also be dependent on these receptors, as antibody against laminin
inhibits their c¡olytic activity in a dose-dependent manner (Schwalz and
Hiserodt, 1988).

The integrin Þ¿ chain

Two monoclonal antibodies that recognise the pa chain have been
reported. S3-41 was produced against a human pancreatic cancer cell line,
and identifies an antigen in a number of human carcinomas (Kajíji et al, 1gB7)
The antigen is also present in a number of normal human tissues, particularly
in the area of basement membranes, which is a very typical site for integrins.
Another monoclonal antibody, 439-98, identifies a complex on human and
murine carcinomas which was named "tumour surface protein, molecular
weight 180,000" (TSP-190) (Fatcioni et al, l ggg). TSp-1go is strongly
expressed by highly malignant metastatic cells (sacchi et al, 19g9). The
protein complexes recognised by these antibodies are identical and
correspond to the pa chain that complexes to the s chain of VLA-6 (Kennel et
al, 1989). So far, the p4 chain has only been found in association with the cre

chain.
The p4 chain has a more complex precipitation pattern than is usual for

integrin p chains, either because of differing contents of sialic acid (Kajiji et al,
1989) or due to proteolytic cleavage (Tamura et al, 19go). The three chains of
Þ¿ (205, 180, and 150 kD reduced; 190, 160, and 1go kD non-reduced) run as
a single chain of 100 kD (reduced) after the removal of siatic acid by
neuraminidase. The deduced amino acid sequence of the pa chain has an
extracellular portion homologous (35%) to other integrin p chains, but it has a
unique cytoplasmic domain comprising more than 1000 residues (Tamura et
al, 1990, Suzuki and Naitoh, 1990, Hogervorst et al, l ggo). studying the
mRNA by the polymerase chain reaction suggests that multiple forms of the p4

chain may exist.

The function of the p4 complex is unknown, but it is probable that it is an

epithelial cell receptor for ECM components, based on its tissue distribution
and similarity to other members of the integrin family.
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The Êg integrin family

The other major family of human EcM receptors share the integrin p3

chain, and are commonly called cytoadhesins (plow et al, 1996, Ginsberg et
al, 1988). The two well-defined members of this family are platelet
glycoprotein llb/llla and the vitronectin receptor. They share the p3 chain
(which is GP llla) non-covalently linked to dist¡nct cr chains. The p3 chain is
now designated CD61, platelet glycoprotein llb as CD41, and the vitronectin
receptor a chain as CD51.

Platelet glycoprotein llb/llla (GP tlb/ilta, auuÊg. CD41/CD61)

Patients with the bleeding disorder Glanzmann's thrombasthenia have
platelets which fail to aggregate following agonist stimulation. The most
common cause of this defect is the decreased platelet expression of the two
proteins that make up the GP llb/llla complex. Some patients have normal
levels of GP llb/llla, but there are abnormalities in the protein structure
(reviewed: Phillips et al, 1988). The GP llb/llla complex is the most abundant
platelet cell surface protein, and constitutes 1 lo 2"/" of the total platelet protein
The only other cells known to express it are megakaryocytes and the HEL
human erythroleukaemia cell line (Zimrin et al, l gBB), which has
megakaryocyte-l¡ke properties. The llb subunit consists ol 125 kD and 25 kD
chains linked by disulphide bonds (similar to the vLA-3, -5, and -6 o chains),
and llla is a single 105 kD chain. The llb subunit appears to run faster on gels
under reducing conditions because of the dissociation of its two chains, and
the llla subunit runs a little slower because of intrachain disulphide bonding.
About 7O/" ol GP llb/llla is located on the platelet surface, and the remainder
on cytoplasmic a-granules and cannaliculi connected to the surface. The
intracellular association of the two subunits is necessary before either of them
can be expressed on the cell surface (O'Toole et al, l ggg).

The GP llb/llla complex has no ligand-binding activity on unstimulated
platelets, whereas after platelet activation (eg with thrombin), it binds
fibrinogen, fibronectin, von Willebrand factor, and possibly vitronectin (plow et
al, 1984, Plow et al, 1985a, Pytela et at, 1986, Gardner and Hynes, 19g5). The
platelet activation appears to result in a structural or conformational change in
the GP llb/llla complex that activates its receptor function (O'Toole et at, l ggo),

and monoclonal antibodies have been described that selectively bind to Gp
llb/llla on activated platelets (Shatt¡l et al, 19g5, Coller, 19gs). Activation
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allows larger molecules to bind to the receptor site than can bind to Gpllb/llla
on unactivated platelets (coller, 1986). other changes that may occur upon
platelet activation are alterations in the microenvironment around Gp llb/llla
that may expose it to a greater extent, and clustering of the receptor (phillips et
al, 1988). The binding of ligands to llb/llla also exposes new antigenic
epitopes that may have roles in the events that follow, such as cell spreading,
cytoskeletal rearrangements, and changes in gene expression (Frelinger et al,
1988), and monoclonal antibodies have been produced which preferential
bind to these epitopes (Frelinger et al, 1990). Like other integrins, the ligand
recognition requires the presence of divalent cations. One variant of
Glanzmann's thrombasthenia has a point mutation in a region of the ps subunit
that is highly conserved among integrin p subunits and is thought to be the
cation-binding site. This mutation abolishes both cation binding and ligand
recognition (Ginsberg et al, 1986, Loftus et al, 1gg0).

Active receptor sites for adhesion to subendothelium exposed by injury
are present on unstimulated platelets. Collagen, fíbronectin, and laminin bind
to VLA-2, -5, and -6 respectively, and von Willebrand factor to glycoprotein lb
(coller et al, 1983). The platelets are consequently activated, which is
followed by aggregation, mediated by the GP llb/llla. Fibrinogen binding to
GPllb/llla is necessary tor platelet aggregation. The binding of fibronectin and
von Willebrand factor probably have an additional role in aggregation as well
as mediating further interaction with the subendothelium (Phillips et al, l gBB).

Platelet activation stimulates GP llb/llla association with the cytoskeleton
(Phillips et al, 1 980, Painter et al, 1985), and contraction of the cytoskeletal
filaments causes platelet shape change and clot retraction. The generation of
the appropriate ¡ntracellular signals may depend on phosphorylation of
tyrosine residues on platelet intracellular proteins, which is stimulated by
ligands binding to GP llb/llla (Ferrelt and Martin, 1989).

GP llb/llla possesses an RGD-dependent binding site. lt is selectively
bound to RGD-containing peptides immobilised on an affinity matrix, and the
same peptides inhibit the binding of fibrinogen, fibronectin, and von
willebrand factor to GP llb/llla on activated platelets (Pytela et al, 1gg6, plow

et al, 1985b, Haverstick et al, 1gBS, Gardner and Hynes, 19BS). These
peptides inhibit thrombin-induced platelet aggregat¡on without altering the
degree of platelet activation (Haverstick et at, 1985). Several venoms from pit
vipers are GPllb/llla antagonists and inhibit platelet aggregation (Dennis et al,
1989). They are homologous to each other, contain an RGD sequence, and
bind reversibly with high atfinity to both resting and ADP-activated human
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platelets. One of them (k¡strin) inhibits platelet aggregation in rabbits without
inducing thrombocytopenia.

GPllb/llla also has a non-RGD-dependent binding site. A synthetic 1O

amino acid peptide from the extreme carboxyl terminus of the y-chain of
fíbrinogen that does not contain an RGD sequence inhibits the b¡nding of
fibrinogen, fibronectin, and von Willebrand factor to GP llb/llla on thrombin-
stimulated platelets (including cells that are fixed after stimulation) (plow et al,
1984, Kloczewiak et al, 1984).

Fibrinogen contains two RGD sequences, one near the carboxyl terminus
of its ø chain, and the other in the amino terminal region of the same chain.
Platelet GP llb/llla binds to the RGD sequence in the carboxyl terminal region
as well as to the site at the carboxyl terminus of the y-chain (amino acids 400-
41 1) (Lam et al, 1987, Cheresh et al, 1989b). Peptides corresponding to either
of these sequences inhibits the binding of GP llb/llla to both sequences
immobilísed on columns (Lam et al, 1987). The amino terminal RGD sequence
doesn't support cell attachment while still within the ¡ntact fibrinogen. lt is
probable that the llb subunit interacts with the y-chain sequence, and the llla
subunit with the s chain RGD sequence (santoro and Lawing, 19g7). The
RGD-binding site on llla has been localised to the region of amino acids 109
lo 171 (D'souza et al, 1988). This segment is highly conserved among the p
subunits of integrins. A synthetic peptide corresponding to the terminal
sequence of the y-chain of fibrinogen cross-links to amino acids 294 lo 314 on
GP llb (D'Souza et al, 1990, D'Souza et al, in press).

Monoclonal antibodies against platelet GP llb/llla have been used to
prevent reocclusion of coronary arteries after thrombolysis with tissue
plasminogen activator (Yasuda et al, l gBB). platelet adhesion and
aggregation at the site of damage are impoftant contributors to reocclusion in

this model. Anti-GP llb/llla monoclonal antibodies also inhibit melanoma
tumour growth (Boukerche et al, 1989), and the adhesion of tumour cells to
platelets and tumour metastasis formation (Karpatkin et al, 19gg). These
investigations show that inhibiting platelet adhesiveness by blocking Gp
llb/llla has promise for the treatment of clinical conditions.
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Vitronectin receptor (avÞs. CD51 /CD61 )

The vitronectin receptor (vnR) shares the fu chain with ptatelet Gp ltb/llla
(Zimrin et al, 1988, Ginsberg et al, 1gB7), and has a distinct a chain which

migrates at 150 kD under non-reducing conditions (Suzuki et al, 1986). The
two chains that make up the a subunit are disulphide-linked, and the 25 kD

chain contains the transmembrane segment (similar to GP llb/llla). Platelet Gp
llb and the s chain of the VnR show significantly homology to each other
(Ginsberg et al, 1987).

VnR binds to RGD-containing sequences in its ligands (Pytela et al, PNAS
1985), which are vitronectin (Pytela et al, 1985b), fibrinogen, von Willebrand
factor (charo et al, 1987, cheresh, 1987d), thrombospondin (Lawler and
Hynes, 1989), and osteopontin (Reinholt et al, 1990). The cr chain is involved
in the RGD recognition (Cheresh and Spiro, 1987c). However, in contrast to
GP llb/llla, VnR does not bind to the non-RGD-conta¡ning terminal sequence of
the y-chain of fibrinogen (Smith et al, 1990b).

VnR is more widespread than platelet GP llb/tlla. lt is expressed by
platelets, where it is a receptor for vitroneclin and thrombospondin (Lam et al,
1989, Lawler and Hynes, 1989, Thiagarajan and Keily, lggg). Monoclonal
antibodies against platelet GP llla also recognise a structure on cultured
human endothelial cells (Thiagarajan et al, 1985, Leeksma et al, 1996,
Dejana et al, 1988a) complexed to the VnR s chain rather than platelet GP llb
(Cheresh et al, PNAS 1987). Endothelial cells use VnR to adhere and spread
on vitronectin, fibrinogen, and von Willebrand factor, and this is inhibited by
anti-llla and anti-VnR antibodies and RGD-containing peptides (Charo et al,
J.Biol.chem.1987, cheresh, 1g87d, Preissner et al, 1989, Dejana et al, 1gg7 ,

Dejana et al, 1988a, Dejana et al, 1989). VnR cluster at sites of focal contacts
and are associated with stress fibres when endothelial cells are cultured on
these substrates (Dejana et al, 1987, Dejana et al, 1gggb, Dejana et at, l ggg).

The spreading of endothelial cells on fibrínogen is slightly different from other
ECM proteins because it requires endogenous fibronectin synthesis and
secretion for proper organisation of the cytoskeleton (Dejana et al, l ggo).

Antibodies against the fibronectin receptor (VLA-S) and the VnR both inhibit
the adhesion to fibrinogen, suggesting that adhesion to the secreted
fibronectin matrix is necessary to maintain the attachment to fibrinogen.

Osteoclasts, which are bone marrow-derived cells important in bone
resorption, express the VnR (Davies et al, 1989). lt has been hypothesised that
they use it to anchor to osteopontin bound to the -mineral of the bone matrix at



sites of resorption (Reinholt et al, 1gg0). The synthesis of osteopontin is
stimulated by calcitriol, which is known to induce bone resorption.

Macrophages (after a period of culture) (Krissansen et al, 1gg0), human
smooth muscle cells, MG-63 fibroblast-like cells, and GM1380 fetal lung
fibroblasts also express vnR (Plow et al, 1986, charo et al, 19g6).

A number of other cells express RGD-directed receptors that cons¡st of the
Þs chain complexed to an a chain that is similar to the VnR a chain. These
complexes may represent other members of the cytoadhesins family. M21
human melanoma cells adhere to vitronectin, fibronectin, and von Willebrand
fac{or via a ps receptor that appears to be distinst from platelet GP llb/llla and
VnR (Cheresh and Spiro, 1987c). The diganglioside GD2 co-locatises with
this receptor on the cell surface and in focal adhesion plaques (Cheresh and
Klier, 1986b, Cheresh et al, 1987b). Gangliosides are glycolipids that contain
one or more sialic residues, gíving them a net negative charge. Monoclonal
antibodies against the gangliosides GD2 and GD3 inhibit the attachment of
these melanoma cells (and neuroblastoma cells) to ECM proteins (Cheresh et
al, 1986a). The gangliosides appearto synergise with the RGD-dependent
receptor in cellular attachment to the ECM (Burns et al, 1988). Their role may
be to produce a favourably charged microenvironment to facílitate pept¡de
binding by the specific alycoprotein receptor. Oxidation of the terminal sialic
acid residues by itself inhibits the cell attachment (Cheresh et al, 1986a).

Monocytes and neutrophils express a fibronectin receptor consisting of
the Bs chain and a distinct cr chain (Brown and Goodwin, 19gg). The
myelomonocytic cell line U937 expresses a p3 receptor after stimulation with
4p-phorbol 1 2-myristate 13-acetate (PMA) (Plow et al, 1986). The observation
that llb/llla complexes on neutrophils mediate their adhesion to fibronectin
(Burns et al, 1986) has been attributed to "platelet dust" on the neutrophils
(Ginsberg et al, 1988). The p3-containing receptor on the neutrophils may
provide an alternative explanation. Neutrophils also express a receptor that is
distinct from other known integrins which binds to the RGD sequence in many
ECM proteins (fibronectin, fibrinogen, vitronectin, von Willebrand factor, and
collagen type lV) (Gresham et al, 1989). Monocytes and neutrophils utilise
these VnR and VnR-like receptors for phagocytosis that is facilitated by the
EcM proteins, particularly fibronectin and vitronectin. Recenily, the
macrophage VnR has been implicated in the phagocytosis of cells undergoing
apoptosis (programmed cell death) (Savill et al, 1990), which is a process that
is important in the physiological involution of organs, remodelling of
embryonic tissues, and metamorphosis.
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The VnR a chain is peculiarly promiscuous in that it associates with a
number of different p chains. UCLAPS lung adenocarcinoma cells express the
VnR s subunit complexed with a novel p subunit (called auÊs). This receptor is

responsible for their RGD-dependent attachment to vitronectin and more
weakly to fibronectin (but not to fibrinogen or von Willebrand factor) (Cheresh

et al, 1989a). The same complex has also been identified in human placental
extract (smith et al, 1990a). The Þs chain may be identícal to the p" subunit
described by Freed et al (1989). The size and partial amino acid sequence of
p5 is very similar to Êt, p2, and p3 (Hemler, 1990), and so ¡t has been
designated a member of the integrin family. lt is most homologous to the pg

chain (56%) (Mclean et al, 1990). The mRNA of the Þs chain is found in more
cell lines than fu mRNA, indicating that it may be widely distributed.

cultured monocytes (macrophages) express both the typical vnR and a
complex consisting of the VnR cr chain and a p chain that is immunologically
distinct from the fu chain (Krissansen et al, 1gg0). This "ps6" subunit appears to
be different from the p5 chain, and its expression is regulated separately from
the classical p3 chain.

The VnR cr chain also breaks one of the fundamental "rules" of the integrin
family by complexing with the Þr subunit on certain cell lines (Vogel et al,

1990, Bodary et al, 1990). On one cell type this complex is a fibronectin
receptor, and a vitronectin receptor on another. lt is the combination of chains
in the receptor rather than the particular a chain that governs the ECM ligand.

The complexing of particular s chains with different p chains and the
additional B chains that have been found means that the present

categorisation of the integrins requires updating.

The integrin Þe chain

A novel additional p chain has recently been identified using the

technique of the polymerase chain reaction (Sheppard et al, 1gg0). The 788
amino acid sequence is 38 lo 47% identical to the integrin Þr, Þ2, and p3

chains, and it has the 56 cysteine residues in the same positions in the
extracellular domain. A unique feature is an additional 11 amino acids at the
carboxyl terminus in the putat¡ve cytoplasmic domain, which suggests the
possibility of distinctive interactions with cytoplasmic components. There is no
published information as yet about the function of this p5 chain or the ø chains
to which it is complexed.
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TABLE 3: lntegrin family of cell adhesion receptors

Size (kD)

Subunits Names Ligands RGD rote Red Non-red

arÊr

o,zþt

VLA-1 , CD49a?lCD29

vLA-2, CD49b/CD29,

gplalla, ECMRII

VLA-3, CD49I?ICD29,

ECMRI

vLA-4, CD49d/CD29,

LPAM-2

VLA-S, CD49e?lCD29,

FNR, gplclla, ECMRVT

vLA-6, CD49i/CD29,

gplclla

cD51/CD29

LM, CO

LM, CO

FN,LM,CO

FN, VCAM-1

210/130

1 65/1 30

200t110

160/110

FN

LM

FN

clsÞr

a¿Þl

usÞl

asÊl

o"Þl

+

130+251130 150/1 10

150/130 140t110

1 35+2511 30 I 55/1 1 0

120+30/130 1401110

125+241130 150/1 10+

avÞz

ctr-02

oxÞz

CD11a/CD18, LFA-1

CD11b/CD18, Mac-1,

cR3

CD1 1clCD18, p150,95

lcAM-1, tcAM-2

C3hx', leishmania, +?

LPS, factor X, FB

?c3bi ? r50/95 145/90

180/95

170t95

170/90

165/90

0ilbpg

avÞs

cD41/CD61

CD51/CD61, VNR

FB, FN, vWF, VN +

VN, FB, vWF, TSP +

120+25/105

125+241105

145/90

150/90

ooÞ¿ CD4gtlCD? ?

VN, FN

120+30/220

(180)

(14s)

125+24/110

150/?

140/210

(r6s)

(125)

1 50/1 00

140/100

ovÊs

a¿þp

cD51/CD?

CD49d/CD?, LPAM-1 ?

+

2

Abbreviations: LM - laminin; CO - coilagen; FN - fibronectin; FB - fibrinogen;

vwF - von wllebrand Factor;vN - vitronectin;TSp - thrombospondin.
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3.2: Production and characterisation of a monoclonal antibody (eE.2Es)
which recognises the inteorin Êr chain

The monoclonal antibody QE.2E5 was produced in a fusion where the
immunising cells were cultured HUVEO that had been stimulated with
lipopolysaccharide (LPS) at a concentration of 1500 ng/ml for 4 hours. The
culture supernatant was strongly positive when screened against cultured
HUVEO by cellular ELISA, but there was no increased expression of the
antigen on LPS-stimulated cells. The isotype of the antibody is lgG26.

lm munoprecioitation studies

The antigen recognised by eE.2Es was first characterised by
immunoprecipitation studies of lysates ef 12sl-t¿þelled cultured HUVEC,
followed by analysis by one-dimensional SDS-PAGE. when run under
reducing conditions, QE.2E5 immunoprecipitated a broad band at 130 to 160
kD on a7.5'/" polyacrylamide gel. under non-reducing conditions it
immunoprecipitated two bands of molecular weights 150 and 120 kD. Similar
complexes are found in studies using platelet lysates (see photograph page
134).

The molecular weights and changes in electrophoretic motility under
reducing conditions of this complex of proteins are suggestive of members of
the integrin family, in particular the VLA molecules (see the molecular weights
in table 3, page 103). This hypothesis was tested by comparative
immunoprecipitation studies performed with the anti-p1 monoclonal antibody
A-145 (Hemler et al, 1983) and the polyclonal anti-Þr antiserum goat 172.
QE.2E5, goat 172, and A-145 immunoprecipitate identical bands from cultured
HUVEO (photograph page 134, lanes b, c, and d). eE.2E5 and A-1A5 also
immunoprecipitate identical sized bands from platelets (photograph page 155,
lanes c and d).

The VLA subunits all have isoelectric points between 4.8 and 6.2 (Hemler
et al, 1988b), and have a characteristic immunoprecipitation pattern when
separated by isoelectric focussing (lEF) followed by SDS-PAGE in the second
dimension. ln two-dimensional sDS-pAGE experiments, eE.2E5 and A-1AS
immunoprecipitate indistinguishable patterns from both HUVEC (photographs
page 135) and platelet (not shown) lysates.

One dimensional immunoprecipitation studies were performed with
QE.2E5 on a number of other cell types:
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U937 (myelomonocytic cell line) - a broad single band is precipitated
under reducing conditions, and two bands (a lower, broad band, and an
upper, more defined band) without reduction (photograph page 196). This is
consistent with the electrophoretic motility of VLA-S (195/130 kD reduced,
1501110 kD non-reduced), which is the major vLA molecule expressed by
u937 (Hemler et al, 1987a).

HL60 (myeloid cell line) - two broad bands appear under reducing
conditions. The broad upper band migrates at 140 kD (photograph page 136),
and covers the VLA heterodimers expressed by HL60 (Hemler et al, 1gg7b).
Without reduction, this band separates into two bands (not shown). The lower
band on reduced gels migrates at about 80 kD, which is consistent with the g0

kD band frequently observed when VLA-4 is immunoprecipitated. This has
been characterised as the cleavage product of the a chain of vLA-4, which
makes up a significant proportion of the VLA molecules expressed by HL60
cells (Hemler et al, 1987b).

K562 (erythroleukaemic cell line) - the weak bands immunoprecipitated
by QE.2E5 (not shown) are similar to those on U937 and consistent with VLA-
5, which is virtually the only VLA molecule expressed by KS62 (Hemler et al,
1987a).

JM (T lymphocytic cell line) - broad band at 135 kD with reduction and two
bands without reduction; a weak 1so kD band and a stronger 110 kD band
(photograph page 143, lanes a and c). This will be discussed further in section
3.3.

Jurkat (T lymphocytic cell line) - weak bands only were precipitated from
Jurkat cells (not shown). The dimeric pattern was more easily distinguishable
on gels run without reduction.

All these patterns are consistent with the VLA molecules known to be
expressed by these cell lines.

This evidence shows that QE.2E5 immunoprecipitates members of the p1

integrin family, and suggests that the epitope is on the p chain. This is
confirmed in Western blotting studies as the antibody recognises a 1 10 kD
band from HUVEC and platelet lysates (without reduction) (photograph page
137), which is the expected position forthe B1 chain. The antibody does not
blot under reducing conditions, suggesting that the epitope is destroyed by
that treatment. An additional 90 kD band is blotted in the platelet lysates,
which is consistent with the size of the intracellular precursor of the B chain
(Jaspers et al, 19gB).
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Tissue distribution of the antigen recognised by QE.2ES

A variety of techniques (indirect immunoperoxidase staining, cellular
ELlsA, flow cytometry, immunoprecipitation) were used to examine the
cellular and tissue distribut¡on of the antigen recognised by eE.2E5.

(1) Cells

QE.2E5 recognises cell surface molecules expressed by the following
cells and cell lines:

- cultured HUVEO (demonstrated by indirect immunoperoxidase [lp],
cellular ELlsA, flow cytometry, and immunoprecipitation)

- platelets (lP, immunoprecipitation)
- monocytes (lP, flow cytometry)
- T lymphocytes (lP, flow cytometry)
- U937, HL60, K652 (lP, immunoprecipitation, flow cytometry)
- Jurkat (lP, immunoprecipitation)
- JM (immunoprecipitation, flow cytometry)

The anti-p1 rnorìoclonal antibody A-145 also binds to these cell types. ln
addition, QE.2E5 binds to mononuclear cells purified from the peripheral
blood of rabbits, pigs, and sheep (demonstrated by flow cytometry).

The expression of the QE.2E5 antigen (and the gr chain recognised by A-
1A5) on human neutroph¡ls was examined by flow cytometric analysis (see
page 138), in view of the disagreement about the presence of B1 chains on
these cells (Hemler, 1990). Both antibodies weakly but clearly stain
neutrophils in unseparated whole blood. Neutrophils were then pu¡fied from
peripheral blood and stained (flow cytometry) with eE.2Es and A-1AS, plus a
panel of monoclonal antibodies against the individual VLA s chains. Both
QE.2E5 and A-145 clearly sta¡n the purified neutrophils, and the stain¡ng
patterns obtained with the antíbodies directed against the individual VLA s
chains suggest that vLA-S and vl-A-6 are the principal molecules that they
express.
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(2) Tissues

The distribution of the QE.2E5 antigen was examined in a number of
tissues by indirec{ immunoperoxidase. The patterns of staining in the skin,
spleen, lymph node, salivary gland, and kidney were directly compared with
A-145 and found to be identical. The distribution of QE.2E5 alone was
assessed in tonsil, skeletal muscle, and peripheral nerve.

Skin - staining is confined to the basal cells of the epidermal layer,
adjacent to the epidermal-dermal junction (photographs page 139).

Spleen - the predomínant staining is in the red pulp and the trabeculae.
The histiocytes and macrophages in the cords, and the endothelial cells lining
the sinusoids, are positive. The trabeculae and fíbrous capsule stain in a
fibrillar pattern, corresponding to the long cytoplasmic processes of the
connective tissue fibroblasts. The intima of blood vessels and cells within the
media of large vessels are positive. The white pulp is notably negative apart
from infrequent blood vessels and occasional branching cells that may be
fibroblasts or dendritic cells. The lymphocytes appear to be negative
(photographs page 1 4O).

Lymph node - the fibrous capsule and bands stain strongly in a fibrillar
pattern, and the intima and media of blood vessels are positive. The only
stained cells in the body of the node are infrequent fibroblasts and
macrophages. Lymphocytes are negative (photograph page 141).

Salivary gland - the only positive areas are the endothelium of blood
vessels and the base of the acini, in the regions of the contractile myofibrils.
The ducts are negative.

Kidney - QE.2E5 stains the glomerular and intertubular capillaries, the
intima and media of larger vessels, mesangial cells, parietal epithetial cells
lining Bowman's capsule, the f¡brous capsule, and the basal portions of
tubular cells adjacent to their basement membranes. The cytoplasm of the
tubules is negative (photograph page 141).

Tonsil - the pattern of staining is similar to the spleen and lymph node,
with the fibrous capsule, blood vessels, and interstitial fibroblasts all positive.
The only positive cells in the follicles are the occasional macrophages and
fibroblasts. The other cells within the follicles and the rim of mantle
lymphocytes are all negative.

Skeletal muscle - the capillaries between the individual muscle fibres, the
intima and media of the larger vessels, and the outer borders of each muscle
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fibre are all strongly positive. The perimysium that surrounds each muscle
fasciculus is positive in a fibrillar pattern (photograph page 142).

Peripheral nerve - the capillaries, intima and media of larger vessels,
perineurium, and endoneurium are all strongly positive. Other connective
tissue is moderately positive in a fibrillar pattern (photograph page 142).

Functional studies with QE.2E5

The functional effects of QE.2E5 was examined in severat assays where
p1 integrins are known to or expected to have functional significance.

cells can adhere to purified EcM components if they express the
appropriate receptors, and this is inhibited by polyclonal antiserum against the
B1 chain (Takada et al, 1987a). Studies to be described later in this section
demonstrated that cultured HUVEC adhere and spread on purified fibronectin,
collagen types I and lV, and laminin by means of the VLA molecules that they
express on the¡r surface. ln contrast, the cell lines U937 and K562, which only
express the fibronectin receptor VLA-S in significant amounts, adhere well to
fibronectin but not to collagen or laminin.

Cell-matrix adhesion assays were performed to examine the effects of
QE.2E5 on these interactions, but no inhibition was observed.

(2) Mixed lymphocyte culture (MLC)

The composition of the substrate has important influences on cellular
proliferation, and the activating signals can be transmitted to the cells via their
extracellular matrix receptors (discussed in the literature review at the
commencement of this section). Therefore, it is possible that the p1 integrins
have a role in the proliferation of allogeneic mononuclear cells in the MLC,
and that blocking these receptors might have some inhibitory effect. However,
QE.2E5 had no effect on the MlC-induced proliferation between several pairs
of HLA-non-identical donors.
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(3) Mixed lymphocyte endothetial reaction (MLER)

For similar reasons, it is possible that the p1 integrins are important
signalling molecules in the initiation of proliferation of mononuclear cells co-
cultured with allogeneic HUVEC, and that inhibiting the interac{ion between
these receptors and their ligands might diminish the proliferative response.
However, QE.2E5 had no consistent effect on cell proliferation in a number of
MLER experiments performed using multiple mononuclear cell donors and
different HUVEC cell lines.

Low numbers of the T lymphocyte cell line Jukat adhere to unstimulated
cultured HUVEO, but more adhere to Lps-stimulated HUVEO. As wiil be
discussed in section 4, this increase in adhesion is largely mediated by the
interaction between VLA-4 on the Jurkat cells and an inducible molecule on
the HUVEO (vcAM-1). QE.2ES binds to the vLA-4 molecules expressed by
the Jurkat cells, but has no effect on their adhesion to either unstimulated or
LPS-stimulated HUVEC.

(5) Platelet aggregation

Platelets can be induced to aggregate by a number of agents, including
ADP, collagen, ristocetin, arachidonic acid, adrenaline, and thrombin. The
chief mechanism of this aggregat¡on is the interaction between act¡vated
platelet GPllb/llla and fibrinogen. However, the initial adhesion of collagen to
platelets is via GP lallla (Vt-A-2).

The effect of QE.2ES on stimulated platelet aggregation was kindly
performed by the Coagulation Laboratory in the Department of Haematology
at The Queen Elizabeth Hospital. The anti-GPllb/llla monoclonal antibody
25811 (Burns et al, 1996) inhíbits both ADp- and collagen-induced
aggregation. However, QE.2E5 does not inhibit platelet aggregation induced
by either agent. The lack of effect on collagen-induced aggregation suggests
that QE.2E5 does not significantly inteñere with the initial adhesíon of collagen
to the VLA-2 expressed by the platelets.
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Discussion

These studies show that QE.2E5 recognises the same molecule as the
anti-B1 monoclonal antibody A-145. The other heterodimeric antigen

complexes expressed by cultured HUVEC are the vitronectin receptor and
MHC molecules, but their reported molecular weights are distinct from those of
the complexes immunoprecipitated by QE.2E5.

QE.2E5 immunoprecipitates the same bands as A-1A5 and the anti-p1

antiserum, both by one-dimensional SDS-PAGE and in two-dimensional gels
after isoelectric focussing in the first dimension. The patterns of precipitation
show that QE.2E5 binds to the Fr chain rather than any of the s chains. ln

addition, it recognises a band at 110 kD (non-reduced) in Western blotting,
which is the predicted weight of the p1 chain under those conditions. The extra
band blotted at 90 kD from platelet lysates must possess the same epitope as
the larger chain, and is probably the intracellular precursor of the p1 chain that
has been identified in other studies (Hemler et al, 1g87a, Jaspers et al, lg8g).
As this precursor is an intracellular protein, it is not available for cell surface
radiolabelling with 12sl by the lactoperoxidase method used in this thesis, and
was not seen in the immunoprecipitation studies. The studies of Jaspers et al
showed that the Bl chain is synthesised in the endoplasmic reticulum as a
precursor with a polypeptide core of 73kD and high-mannose oligosaccharide
side chains. The mature cell surface form is derived by conversion of the
precursor to a larger endoglycosidase H (endo H)-resistant glycoprotein that
contains fucose.

The cellular distribution of the antigen recognised by eE.2E5 and its
identity to that of A-145 is further evidence that QE.2E5 binds to the Þr chain.
The binding of QE.2E5 to mononuclear cells from other species is not
surprising considering that the p1 sequence is highly preserved along the
evolutionary chain. The only other molecules known to be expressed by
endothelial cells, platelets, and monocytes are the vitronectin receptor (VnR)
and HLA class I molecules. The complex identified by QE.2E5 has molecular
weights and changes in eleclrophoretic motility under reducing conditions that
clearly distinguish it from both of these molecules.

one confusing observation is that both QE.2ES and A-1A5 stain
neutrophils by flow cytometric analysis. This is contrary to the original
observations with A-145, but in agreement with another study using different
antibodies where p1 integrins were found to be laminin receptors on
neutrophils (Bohnsack et al, 1990). The staining presented here suggests that
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the p1 chains are mainly present as VLA-S and VLA-6, which could function as
fibronectin and laminin receptors respectively on the neutrophils. However,
another study (Wayner et al, Nov.1988) found that neutrophils failed to stain
with a different antibody against VLA-S, but were weakly stained by an anti-
VLA-2 antibody. Some of these disagreements could be due to d¡fferences in
techniques used in these studies, but the question of neutrophil expression of
B1 integrins remains to be resolved. lt could be studied by performing parallel
experiments at the same time with all of the different anti-B1 antibodies that are
available.

The staining with QE.2E5 in all tissues examined exhibits a consistent
pattern. lt is found where cells have direct contact with basement membranes
(eg basal cells of epidermis, around skeletal muscle cells, the base of tubular
cells, adjacent to Bowman's capsule in the glomerulus), on endothelial cells
(which are adherent to the supporting ECM in the watl of the vessel or around
the vessel, and which also can interact with circulating fibronectin), on
macrophages, and on the fibroblasts that manufacture most of the ECM itself.
ln these positions, all of these cells are directly interacting with ECM
components. The basal cells of the epidermis are a very characteristic site for
integrin receptors, as these cells are adjacent to the basement membrane that
separates the epidermis from the dermal connective tissue. lt is likely that
these receptors are important in maintaining integrity of the dermal-epidermal
interface. A-145 stains the tissues with an identical pattern, which is further
evidence that QE.2E5 recognises the p1 chain.

QE.2E5 has no inhibitory effect in a variety of assays where cellular
adherence to the ECM is or probably is of importance. Parallel studies with
A-145 showed that ¡t does not inhibit cellular adhesion to purified ECM
components, which suggests that it also does not bind to a functionally
important epitope on the p1 chain. Previous studies had already shown that a
polyclonal anti-p1 antiserum inhibits cellular adhesion to the ECM (Takada et
al, 1987), which implies that the Pr chain alone has some adhesive function for
ECM molecules. However, most of the specific recognition function of the ECM
receptors resides with the c chain, as will be discussed later. lt appears that
the epitopes recognised by QE.2E5 and A-1A5 on the p1 chain have no direct
role in ECM adhesion.

The evidence shows that the monoclonal antibody QE.2ES recognises an
epitope on the integrin p1 chain, which adds to the small list of published anti-
p1 antibodies (see introduction).
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3.3: QE.2E5 and A-145 define different but overlapping subgroups
of Êr chains

A series of sequential immunoprecipitation studies with QE.2E5, A-1A5,
and the polyclonal anti-Þr goat antiserum were performed to attempt to further
demonstrate that QE.2E5 recognises an epitope on the integrin p1 chain. ln
these studies, the process of mixing the cell lysate with one of the antibodies,
followed by removal of the antigen/antibody complexes with staphylococcus
aureus cells, is repeated until the lysate is completely depleted of the antigen
recognised by that antibody. This usually requires 4 to 5 cycles of
immunoprecipitation. The lysate is then immunoprecipitated with the other
antibody of interest, and the antigens obtained in each of the steps analysed
by SDS-PAGE. lf two antibodies recognise the same cell surface antigen,
there will be no antigen remaining in the lane corresponding to the last
immunoprecipitation step. Conversety, if the antigens differ, a detectable band
will be present in the last lane despite all the preclearing steps.

The cells used for these studies were HUVEO, platelets and the JM T
lymphoid cell line. They had all been surface labelled w¡th r2st.

on two separate occasions each with HUVEC and platelets, the
sequential immunoprecipitation studies with eE.2E5 and A-1As gave the
same result (further studies were not possible due to insufficient A-1AS
antibody). After completely preclearing of the lysate of the complexes
recognised by QE.2E5, a small but significant amount of heterodimer was still
precipitated by A-1A5. The two bands were in the same position as those
precipitated normally by A-1A5 and QE.2E5. Following complete preclearing
of a separate lysate of the complex recognised by A-145, QE.2E5 precipitated
a small but significant amount of antigen, but on this occasion it ran as a single
band at the same molecular weight as the p1 chain (photograph page 14g).

These experiments suggest that there is heterogeneity of the p1 chains,
and so further studies were performed with the polyclonal anti-p1 antiserum.
This antiserum was produced by injecting goats with purified Ê., antigen and
will recognise multiple epitopes, and so should bind to any possible
alternative p1 chains.

Following complete preclearing of a lysate of HUVEC of the antigen
recognised by QE.2E5, the polyclonat antiserum precipitates a sma¡ amount
of heterodimer (photograph page 144). This is identical to the pattern
observed when precipitating the eE.2E5-cleared lysate with A-1AS. Atter
preclearing a separate HUVEC lysate with A-1A5, the polyclonal antiserum
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precip¡tates ma¡nly a single band at a molecular weight corresponding to the
p1 chain, plus a barely deteclable band at the level of the cr chains
(photograph page 144). This pattern is almost identical to that observed after
QE.2E5 precipitation of the A-145 precleared lysate, with the exception of the
weak higher molecular weight band. Attempts to preclear a HUVEC lysate

completely with the polyclonal antiserum were unsuccessful. lf that manoeuvre
were successful, it is expected that it would completely remove all the
complexes recognised by both QE.2E5 and A-145.

Flow cytometric analysis of JM T lymphoid cells showed that they express
significant quantities of both VLA-4 and VLA-S (not shown). This is consistent
with the immunoprecipitation pattern obtained with A-145, namely, a broad
band at 130 to 145 kD with reduction, and 110 kD and weak 1so kD bands
without reduction. However, unlike HUVEC and platelets, the bands
precipitated with oE.2E5 in the same experiment had slightly different
molecular weights. Under reducing conditions, the broad band precipitated by

QE.2E5 had a slightly higher molecular weight, and under non-reducing
conditions, the p chain precipitated by QE.2E5 had a slightly lower molecular
weight. The weaker ø chain bands ran at the same molecular weight for both

antibodies (photograph page 143).

A sequential immunoprecipitation study was attempted with JM cells, but
was not completely satisfac{ory for two reasons. The preclearing step could
only be performed with QE.2E5 because of insufficient A-145 antibody, and
the cells labelled quite poorly wìth the t251. frlsvsrtheless, after complete
preclearing of the lysate by QE.2E5, it appeared that a weak single band
(reduced) was still precipitated by the A-1A5 (not shown).

Discussion

The studies with HUVEC and platelets demonstrate that there are at least
three subgroups of the integrin p1 chain. The epitopes recognised by QE.2ES
and A-145 are both present on most p1 chains, as each antibody preclears a
majority of the chains precipitated by the other. A small subgroup possesses
the QE.2E5 epitope only, and a thírd has the A-1As epitope only. The chains
that have the A-145 epitope alone are precipitated as intact heterodimers,
whereas those with the QE.2E5 epitope alone precipitate as a single band.
This appears to represent p chain without associated s chain, as the VLA a
and p chains have clearly different molecular weights under the non-reducing

conditions in these studies, and should migrate as clearly distinguishable
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separate bands. There is evidence that the integrins can only be expressed on
the cell surface as intact a-p complexes (o'Toole et al, lggg), and it is
possible that these p1 chains were originally complexed to cr¿ or q6 chains, as
VLA-4 and VLA-6 readily dissociate during immunoprecipitation studies
(Hemler et al, 1987b, Hemler et al, 1988a).

The sequential immunoprecipitation study with JM cells, while technically
not entirely satisfactory, supports this finding on HUVEC and platelets.
However, a more sígnificant finding with JM cells is the difference in the
molecular weights of the bands precipitated by QE.2E5 and A-145. This alone
suggests that the two antibodies are recognising distinct (although
overlapping) subgroups of the Þr chain.

These findings demonstrate that there is heterogeneity of the B1 chains
expressed by these cells. This is not unique, as heterogeneity of a number of
cell suÉace molecules, including members of the vLA family, has been
described. This can be manifested as polymorphism of an antigen between
different individuals, or as different forms of the antigen expressed by different
cell types.

An example of polymorphism of a member of the VLA family is the BralBrb
alloantigen system on platelets, which has been locatised to the GP lallla
complex (vLA-2) (Kiefel et al, 1989, woods et al, 1999). other integrin
polymorphisms are the zwa alloantigen system, which is located on the p3

chain (Giltay et al, 1988), and that identified by the monoclonal antibody
RM2.184, which identifies a polymorphic determinant on the complement
receptor for C3bi (CR3), a member of the p2 integrin family (Russ et al, 1985)
(see section 4). The basis of the latter polymorphism is unclear, as there is no
variation in molecular weight or electrophoretic mobility, but the epitope is
probably on the a chain. CD44 is another adhesíon molecule which will be
discussed in the next section, and it bears the polymorphic blood group
antigen ln(Lu) (Picker et al, 1989). ln addition, the two different Pgp-1 allotypes
in mice is most likely due to a single amino acid change in the CD44 molecule
between different strains (Nottenburg et al, l g8g).

There are also a number of examples of heterogeneity of cell surface
molecules between different cell types, including with members of the Þr
integrin family. The p1 subunits expressed by the U937 and HL6O ceil lines are
larger than those on K562 cells (Hemler et al, 1983). This is attributed to
variable N-linked glycosylation, because after enzymat¡c removal of N-linked
carbohydrate, the p subunits all migrate at the same molecular weight (Hemler
et al, 1985b). Stimulation of K562 cells with phorbol esters increases their
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surface expression of fibronec{in receptors, but alters their electrophoretic
mobility (again due to changes in N-linked glycosylation). These attered
fibronectin receptors have a significantly decreased atfinity for fibronectin
(Symington et al, 1989). Similarly, the fibronectin receptors on T lymphocytes
and fibroblasts share immunologic determinants, but the molecutar weight of
the lymphocyie protein is larger (Cardarellí and Pierschbacher, 1987). Two
different cDNAs for p1 subunits have been found in the amphibian Xenopus
laevis (DeSimone and Hynes, 1988). They have 98% identity in amino acid
sequence, and are 82o/o identical to the human B1 seQuence.

The structural relationshíp of the alternative fu chain (p36) (Burns et al,
1990) to the classical p3 chain is unknown, but they are distinguishable by
standard physicochemical methods. The Êsu chain migrates faster on SDS-
PAGE after reduction, and has a distinct isoelectric point and a different one-
dimensional peptide map. A cDNA encoding an alternative cytoplasmic
domain for the p3 subunit has also been described (van Kuppevelt et al, 19g9)

There are additional examples of heterogeneity within the Êz integrin
family. The monoclonal antibody S6F1 identifies heterogeneity of the LFA-1
molecule (Morimoto et al, 1gB7), and the cr and p subunits of LFA-1 have
multiple glycosylated isoforms, largely as a result of d¡tferent degrees of
sialization (Pardi et al, 1989). The expression of these isoforms varies
between different lymphocyte subsets. The shared p2 chains of LFA-1 and
Mac-1 are glycosylated differently, even though they are simultaneously
synthesised in the same cells (Dahms and Hart, 1986). The c and p subunits
are assembled before the Golgi-mediated oligosaccharide processing,
demonstrating that the quaternary structure can influence the site specific
glycosylation of the protein.

The Hermes lymphocyte homing receptor (cD44), which participates in
the adhesÍon of lymphocytes to high endothelial venules in peripheral lymph
nodes, mucosal lymphoid tissue, and the synovium of inflamed joints (see the
next section), is also heterogeneous. polyclonal antiserum against cD44
inhibits lymphocyte adhesion at all these sites, whereas monoclonal
antíbodies have been produced that selectively inhibit adhesion at different
sites (Jalkanen et al, 1987). CD44 has variable protein structure (Kansas et
al, 1989) and glycosylatíon (Jalkanen et at, 1ggg, pals et al, 19g9b), which
differs between cell types, and the encoding mRNA also varies according to
the cell type (Stamenkovic et al, 19Bg).

Heterogeneity is not restricted to adhesion molecules. A determinant
which is found only on the HLA-DR molecules expressed by lymphocytes and
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not by monocytes or the¡r precursors, ¡s recognised by a particular monoclonal
antibody (Torok-Storb et al, 1983). ln one patient with melanoma, the HLA-DR
molecules on their melanoma cells and on their Epstein-Barr virus
transformed B lymphoblastoid cells had different molecular weights, due to
glycosylation variations resulting from differences in asparagine-linked
oligosaccharide processing (Alexander et al, 19g4).

All of these molecules are involved in cellutar recognition functions, and
have detectable heterogeneity, which is due to changes in amino acid
sequence or number, andlor different post-translational modifications. The
studies in this thesis show evidence for heterogeneity of the integrin p1 chain.
However, the subgroups that express only one of the two epitopes represent a
small percentage of the total number of vl-A molecules. They are not
distinguishable on HUVEC or platelets by molecular weight or isoelectric
point, which suggests that they either represent amino acid changes that do
not significantly alter the weight of the polypeptide backbone, or glycosylation
differences that do not affect the migration during electrophoresis. However,
the heterogeneity on JM cells is sufficient to produce a detectable alteration in
the molecular weights of the chains. Unfortunately, attempts to determine if this
was due to variations in N-linked glycosylation by treating the cells with
tunicamycin did not give clearcut results.

There are a number of possible reasons for cells expressing different
forms of the p1 chain. The integrin p chains may mediate transmembrane
signalling following the binding to ligand (van Noeset et al, 19gg), and the
association of an cr chain with different p chains could generate multiple
signals in response to a single matrix protein. The c chains are generally
thought to control the fine specificity of the integrin receptors, although the
association of au with a different p chain (B5) results in different ligand
specificity (cheresh et al, 1989a). The ligand specificity of some VLA
molecules also varies between cell types. VLA-1 is a cotlagen receptor on
melanoma cells (Kramer et al, 1989a) but a laminin receptor on neuronal cells
(lgnatius and Reichardt, 1988). VLA-2 is a collagen receptor atone on platelets
(Staatz et al, 1989, Kunicki et al, 1gB7), the melanoma cell line Mewo (Kramer
et al, 1989a), and fibroblasts (Elices and Hemler, l ggg), whereas it is a
collagen and laminin receptoron cultured HUVEC (Languino et al, 19g9) and
the melanoma cell line LOX (Elices and Hemler, 1989). The VLA-2 molecules
from the different cell types are physicaily and immunochemically
indistinguishable. One possibility is that subtle variations in the p chains
between cell types mediates the different ligand specificities. The observation
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of different subgroups defined by QE.2E5 and A-1A5 is evidence for this
hypothesis, but it is ditficult to test further as neither antibody has functional
etfects that can be examined on different cell types.
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3.4: Studies with antibodies against specific VLA G chains

HUVEO express members of the p1 integrin famiry, and the foilowing
studies were designed to ¡nvestigate their function on endothelial cells and
relevance to alloimmunity. A panel of specific monoclonal antibodies directed
against the p1 chain and each of the Vl-A a chains was assembled and used

to study specific aspects of each of the Vl-A molecules. The sources of the
antibodies and their relevant characteristics are described in the Materials and
Methods section.

3.4 (1) Expression of VLA molecules by cultured HUVEC

Two methods were employed to study the expression of VLA molecules
on cultured HUVEC - cellular ELISA and flow cytometric analysis. There was
good concurrence between the results obtained with both methods, and the
HUVEC expressed each of the VLA molecules to some extent (assessed as
weak, moderate, or strong positive). The flow cytometric analysis is shown on
page 145.

Strongly positive - p1, VLA-2

Moderately positive - Vl-A-3, VLA-S

Weakly positive - VLA-1, VLA-4, VLA-6

Discussion

Cultured HUVEC express varying amounts of all six VLA molecules as
well as a variety of other adhesion molecules (see literature review for this
sec'tion and section 4). This wide reportoire is not surprising, as they adhere
readily to a variety of substrates, and have multiple complex interactions with
leucocytes (see section 4).

The finding of vLA-1, -2, -3, -5, and -G on the HUVEO is not unexpected,
as the cells can attach to collagen, fibronectin, and laminin, which are the
ligands for these receptors. As will become clear in subsequent studies of the
tissue expression of the VLA molecules, the HUVEC expression of these
particular receptors is in good agreement with their distribution on vascular
endothelium in tissue sections. However, it is sul'prising to find VLA-4 on the
HUVEC, as this molecule has been confined to non-adherent cells in other
studies (Hemler, 1990). The VLA-4 expression was weak but consistent on
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multiple batches of HUVEC, and found using both assays. There are two
possible explanations for this finding. One is that it is a correct observation,
and that vl-A-4 is present in low amounts on HUVEC, where it has an
uncertain function. The other explanation is that it is an artifact, either because
of the presence of small amounts of contaminating leucocytes (unlikely,

because even multiply passaged HUVEC that had been growing for several
weeks were weakly positive), or due to nonspecific binding of the particular
anti-vLA-4 antibody used. The latter possibility could be examined by

comparison with other antibodies against VLA-4, but these were not available
during the course of these experiments. lt is important to note that the isotype
matched negative control antibody was consistently negative during these
studies.

studies have documented the presence of the p1 chain and VLA-2 on

cultured HUVEO (van Mourik et al, 1985, Giltay et al, l g8g). The results
presented here are generally in agreement with the only published
comprehensive examination of HUVEO expression of vLA molecules
(Languino et al, 1989). However, this study did not find significant expression
of VLA-4 using a different antibody against that molecule, which further
suggests that the finding of vl-A-4 is dependent on the antibody used.
otherwise, the level of expression of the p1 chain and the other s vLA
molecules was of the same order as that described here. Another study has

also identified VLA-2, V|-A-S, and VLA-S as impoftant receptors for a variety of
substrates on cultured endothelial cells from several sources (Albeda et al,

1e8s).

3.4 (2) Expression of VLA molecules in the normal human kidney

The distribution of the VLA c chains and p chain in the human kidney was
examined using the indirect immunoperoxidase technique described in
Materials and Methods. Sections had been cut from PLP-fixed biopsies taken
from normal kidneys just prior to their use as transplants. Sections were also
stained with the anti-p4 antibodies 53-41 and 439-98.

Results:

Er chains - widely d¡str¡buted in the human kidney. They are present on the
glomerular and intertubular capillaries, intima and media of larger
vessels, mesangial cells, parietal ep¡thelial cells lining Bowman's
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capsule, fibroblasts in the intertubular areas, and at the base of all
tubules, adjacent to their basement membranes. The tubular cytoplasm
and visceral epithelial cells in the glomerutar tutt are negative
(photograph page 146).

VLA-1 - virtually identical to the distribution of the p1 chains, apart from a slight
decrease in mesangial staining.

vLA-z - weak and variable glomerular staining, not clearly restricted to either
the mesangial or endothelial cells. The intertubular areas and intertubular
capillaries are negative, but there is weak sta¡n¡ng of the intíma of larger
vessels. The proximal tubules are all negative, whereas the basal
membranes of distal tubular and collecling duct celts are positive, and this
staining often spreads to the lateral surface between adjacent cells
without reaching their apex (photograph page 146).

VLA-3 - the distríbution on tubular cells is the same as that for VLA-2, and it is
also strongly expressed on the glomerular capíllaries and the pa¡etal
epithelial cells which line Bowman's capsule. The mesangial cells are
negative. The intertubular areas are weakly stained, but the intertubular
capillaries are negative. The intima of larger vessels is weakly positive
(photograph page 147).

VLA-4 - no expression seen in the kidney.
vLA-s - weak expression in the glomerulus (capillaries), and some weak

intertubular capillary staining. The clearest stain¡ng is on the intima of
large vessels, but only of moderate intensity (photograph page 147).

vLA-6 - the glomeruli, intertubular capiilaries, and tubular cytoplasm are
negative. The intima of large vessels is weakly positive. The basal
membranes of alltubular cells are positive, and this stain¡ng is stronger
at the base of the proximal tubules (photograph page 145).

0¿ chains - no expression seen in the kidney.

Discussion

The individual VLA molecules have distinct distr¡butions in the normal
human kidney. This presumably reflects the different requirements of partícular
cells for adhesion to their adjacent EcM, and may be parfly dictated by the
distr¡bution of specific ECM components.

The d¡str¡bution of the B1 chains is in agreement with that found in other
studies (Hemler et al, June 1984, de strooper et al, 19g9, Korhonen et al,
1990a). This last study examined the distributíon of the p1 (and fu) chains in
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human foetal and adult kidneys, and found the p1 chains on the basal surfaces
of glomerular endothelial cells, podocytes abutting the glomerular basement
membrane, the basal aspect of proximal tubular epithelial cells, and more
diffusely in the epithelial cells of the distal tubules and collecting ducts. A
separate study localised the B1 chains by immunoelectron microscopy to the
cell membranes of mesangial, epithelial, and endothelial cells that face the
mesangial matrix or the glomerular basement membrane (Kerjaschkí et al,
1e8e).

The distribution of the individual VLA molecules is in good agreement with
a recent study (Korhonen et al, 1gg0b), and corresponds closely to the
distribution of laminin, collagen type lV, and fibronectin found in a study of the
rat kidney, taking into account their individual ligand specificities (Courtoy et
al, 1982). ln this study, laminin and collagen type lV were mainly found in the
basement membranes of glomerular and peritubular capillaries and tubular
epithelium, Bowman's capsule, and the media of arterioles. ln contrast,
fibronectin was absent or weak in these sites, and mainly found in the
mesangial matrix, endothelial-pericyte matrix, and on the intima of arterioles.
All of the VLA molecules are found on endothelium to some extent in the
kidney (except VLA-4), which is in good agreement with the expression of VLA
molecules by cultured HUVEC.

The distribution of Vl-A-1 almost matches that of the p1 chains, and its
localisation suggests that it is an important participant in cellular adhesion to a
variety of basement membranes. The expression on the intima of large
vessels is consistent with its presence on cultured HUVEC (see above and
Languino et al, 1989). The parietal epithelial cetls of the glomeruli express
VLA-1 as well as VLA-3, and these appear to be the Fr integrins that mediate
their attachment to the basement membrane in the formation of Bowman's
capsule. VLA-1 functions as a collagen or laminin receptor on cell lines which
have been studied in detail, and it is likely that it has a similar role in intact
tissue. An earlier study with the anti-Vl-A-1 antibody TSzn found it to be less
widespread in the kidney (Hemler et al, 1984). However, the sections used in
that study were cut from frozen, unfixed tissue, whereas the plp fixation used
here gives better preservation of the fine detail of the kidney.

vLA-2 is weakly and inconsistently expressed in the glomerulus.
However, it has a distinctive distribution at the base of distal tubules and
collecting ducts but not proximal tubules. VLA-2 is a collagen receptor on a
number of cell types (eg platelets) and also a laminin receptor on some (eg
cultured HUVEO) (Elices and Hemler, 1999, Languino et al, l ggg), and so it is
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likely that it also is involved in cellular adhesion to the basement membranes
at these sites in the kidney.

VLA-3 is expressed on the basal membranes of the same subgroup of
tubules as VLA-2, and again presumably is a mediator of adhesion of these
cells to that particular subgroup of basement membranes. The distal tubular
and collecting duct cells express vLA-1 , -2, -9, and -6, whereas the proximal
tubules only express VLA-1 and -6. This implies that there are unique
distinguishing features about the basement membranes of these subgroups of
tubules. This may be relevant to the differentiation and functions of the tubular
cells which these basement membranes support. A clinical situation where
this could be important is when the kidney is damaged by a process that
causes acute tubular necrosis (eg ischaemia). Provided that the degree of
damage does not preclude functional recovery, the more resilient basement
membranes will survive the insult relatively untouched and maintain the
correct "pattern" for appropriate regrowth of the tubules. lt is possible that the
heterogeneity of the basement membranes "programmes" the tubules to
regrow in their previous form and with the same functional characteristics. The
variation in tubular cell receptors for the basement membrane laminin and
collagen is evidence for this heterogeneity, and the different integrin receptors
may transmit EOM-dependent messages that govern the resulting tubular
phenotype. lrreversible cortical necrosis can follow more severe ischaemia,
and the consequent disordered fibrosis rather than orderly regrovtrth of tubules
may be secondary to critical damage to the tubular basement membranes.

VLA-3 is also strongly expressed on glomerular capillaries and may have
an important role in glomerular integrity and interaction with soluble
fibronectin in the plasma and fibronectin attached to the endothelial cells. An
immunofluorescence study with the same anti-VLA-3 antibody as used here
also documented the prominent glomerular expression (Cordon-Cardo et al,
1984), but they found no tubular staining. This disagreement may be due to
different sensitivity of the two staining techniques.

VLA-4 is not expressed in the human kidney. This is not surprising as it is
generally only found on circulating haematopoietic cells (Hemler, 1990), but is
inconsistent with the earlier finding that cultured HUVEC express some VLA-4
(see above). As discussed before, this could be due to an artifact of the
staining of the HUVEC, or represent a situation where HUVEC expression of
an antigen does not equate with its expressíon on vascular endothelium in
intact tissue.
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VLA-5 is a fibronectin receptor only and has a restricted distribution in the
kidney which matches the distribution of fibronectin. The glomerular
expression is weak and much less intense than that of the other fibronectin
receptor Vl-A-3. VLA-S is mainly found on the intima of large vessels where it
presumably interacts with plasma fibronectin and fibronectin attached to the
endothelium, rather than with that which is in the extravascular space. plasma
fibronectin is a soluble dimer which is involved in coagulation, wound healing,
and phagocytosis through opsonisation (Mosher, 1g84), and fibronectin is
produced in response to injury by blood vessels, when it acts as a crucial
guide during the regrowth of damaged endothelium (Clark et al, 19g2). The
endothelial Vl-A-s may have a crucial role in these homeostatic processes.

ln addition to weak staining of the intima of large vessels, VLA-6 is found
on the basal portions of tubular cells, particularly on the proximal tubules.
vLA-6 is a laminin receptor (sonnenberg et al, 19ggb, Shimizu et al, 1990a,
Hall et al, 1990), and may therefore contribute to the adhesion of tubules to the
laminin in the basement membrane. lt is usually found in tissue sections at the
interface between epithelial cells and their basement membranes
(sonnenberg et al, 1987). The vLA-6 a chain is only complexed with the p1

chain in the human kidney as the F¿ chain is not expressed in any of the
sections.

The prominent expressíon of the p1 integrins in the human kidney
suggests that they are important for the maintenance of long-term tissue
stability. ln a solid organ such as the kidney, the ECM (and particularly the
basement membranes) forms the supporting scaffold to maintain tissue
integrity. The cells need therefore to form firm attachments to the ECM. The
integrin ECM receptors are important for the specific recognition of particutar
ECM proteins, and they mediate the initial attachment of cultured cells to
purified ECM components. ln vivo studies have shown that integrins also
mediate the transient adhesion of migrating cells to the ECM (Straus et al,
1e8e).

There is in vitro evidence that non-integrin adhesion receptors may be
particularly important for the long-term stabilisation of cell-substrate
attachments, and it is probable that stable cell-substrate attachments are
maintained in vivo by a combination of these receptors and the integrin ECM
receptors. The 69 kD protein LB69 is a cell surface receptor for laminin that is
not a member of the integrin family (yannariello-Brown et al, lggg), and is
only organised on the surface of cultured cells after cell-substrate attachment
is well establ¡shed (several hours) (Basson et al, l ggo). lt attaches to a
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pentapeptide sequence tyrosine-isoleucine-glycine-serine-arginine (ylGSR)
that is unique to the 81 chain of laminin (Graf et al, 1987a). This is a higher
affinity interaction than that mediated by integrin receptors for taminin, and
LB69 may be an important medíator of stable cell attachment to the laminin in
basement membranes in vivo.

ln addition to the fibrous proteins, the proteoglycans in the ECM interact
with cells and with other ECM proteins. Some proteoglycans are also attached
to the surface of cells and can bind to collagen and fibronectin to mediate cell
adhesion (Ruoslaht¡, 1989). This appears to be another auxilliary mechanism
that complements and stabilises the more specific integrin-mediated
adhesion.

Another possible mechanism of cell attachment to the ECM may be via
cell surface gangliosides. These are glycolipids that contain one or more sialic
residues, which gives them a net negative charge. They may contribute to
attachment to the ECM by producing a favourably charged electrostatic
microenvironment that facilitates ligand binding by the specific receptor (Burns
et al, 1988).

An alternative and complementary role of the integrin ECM receptors is
the transmission of EOM-dependent signals to the interior of the cell. ln vitro
studies have shown that the interaction of ligands with integrins results in
complex cellular responses including changes in cell shape (Hedin et al,
1988), cell proliferation (van Noeser et al, lggg), and gene expression
(Thorens et al, 1987, Werb et al, 1989). lt is possible that the Êr integrins in the
kidney convey signals from the ECM that influence the ditferentiation and
function of the attached cells. This complements the tissue stabilising function
of the integrin and non-integrin receptors.

3.4 (3) Expression of vLA molecures during renal allograft rejection

The same antibodies and staining technique were used to examine the
expression of the Vl-A molecules in I renal allografts that had been biopsied
during an episode of dysfunction. Six of these specimens had been trozen
unfíxed, and so the architecture was not quite as well preserved (particularly
that of the glomeruli). ln addition, infiltrating leucocytes and damage due to
rejection tend to obscure the deta¡l of the kidney.

Each of the specimens had been independenily assessed by a
histopathologist. Three were diagnosed as representing cellular and vascular
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rejection, 4 as cellular rejection alone, and 1 as cyclosporine toxicity without
any rejection.

Staining of the kidney substance

As far as could be determined, the pattern of distribution of each of the
VLA molecules in the glomeruli and around the tubules was identical to the
normal kidneys. The only change in expression was that of VLA-3 and VLA-S
on the larger blood vessels. This was most prominent in the cases of vascular
rejection, where V1-A-3 was significantly increased on the intima and walls of
involved arter¡oles and arteries (photograph page 149), and vLA-s was
increased on the intima (photograph page 149). Changes in their expression
in the cases of cellular rejection and cyclosporine toxicity were not convincing

Staining of the infiltrating leucocytes
The leucocytes infiltrating a rejecting renal allograft are a heterogeneous

population largely composed of macrophages, lymphocytes, and NK cells
(see section 2.1). lt was not possible in this study to reliably distinguish these
cells, and so only general observations about their expression of VLA
molecules are possible. Most collections of infiltrating cells in the rejecting
grafts contained cells that were stained by the antibodies against the p1 chain,
but frequently more than half of the cells in a collection were negative. The
cells consistently failed to stain with the antibodies against vLA-z, vLA-g,
VLA-S, and VLA-6. The most frequently expressed molecule was VLA-1 (6 out
of the 7 rejecting kidneys to varying degrees) (photograph page 149), and
some VLA-4 positive cells were found in 4 out of the 7. ln one particular
example, most of the cells immediately adjacent to the lumen of a large vessel
expressed VLA-4, whereas the cells further away were negative (photograph
page 150).

ln contrast, virtually all infiltrating cells consistently and strongly express
HLA class I molecules.

Discussion

The exclusive increase in expression of the two fibronectin receptors VLA-
3 and VLA-S on larger blood vessels during rejection is probably related to the
increased production of fibronectin by endothelium in response to
inflammation (Clark et al, 1982). lt may be that the increased avaitability of
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ligand (fibronectin) stimulates the production of the appropriate receptor. A
study of mouse macrophages has shown that inflammatory stimuli increase
their production and expression of the murine equivalent of VLA-S (Holers et
al' 1989). The prominent expression of VLA-3 in the walls of the inflamed
arteries may be due to greater expression on activated fibroblasts which are
known to lay down the increased matrix characteristic of the fibrointimal
proliferation that accompanies vascular rejection.

The pattern of expression of VLA molecules on the infiltrating leucocytes
is unexpected as it is quite different to the pattern on circutating leucocytes
(Hemler, 1gg0). Peripheral blood r lymphocytes and monocytes express
significant amounts of VLA-S and VLA-6 as well as Vl-A-4. Monocytes also
express moderate levels of VLA-2. However, both cell types express very little
VLA-1. ln contrast, the leucocytes infiltrating the rejecting allografts apparently
only express VLA-1 and'VLA-4, and a number lack detectable Vl-A molecules
altogether.

There are several possible explanations for these observations. The
VLA-1 positive cells could represent an activated but nonproliferating
population of "compartmentalised" cells similar to that described in rheumatoid
synovial fluid and the lung (Hemler et al, 1986, saltini et al, 19g6, and
discussed in the introduction to this chapter). Their presence in these reject¡ng
kidneys suggests that they have an important role in the alloimmune
response. lt is not surprising that VLA-4 is present, but it is only found on a
limited number of cells. The apparent decrease in expression with increasing
distance from the blood vessel in one case suggests the possibility that there
is active downregulation of the receptor once the cell has left the circulation.
As will be discussed in section 4, a major role of vLA-4 could be in the
adhesion of T lymphocytes to activated endothelium at sites of inflammation,
and once this has occurred, the Vl-A-4 might have less importance and so be
downregulated or shed. similarly, the surprising lack of VLA-S and vLA-6 in
the infiltrating cells suggests that they have also been actively shed or
downregulated once the cells have passed through the vessel's basement
membrane. While laminin is essentially confined to the basement membrane,
and therefore vLA-6, as a laminin receptor, may not have any useful role
within the extravascular space, fibronectin is found outs¡de the circutation, and
it might be expecled that the cells would retain VLA-5 for attachment to it in this
compartment. Conceivably, VLA-1 and to a lesser extent VLA-4 could be the
major ECM receptors for cellular attachment to and migration through the
extravascular space at sites of inflammation such as allograft rejection.
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There are some drawbacks to this method for assessing the expression of
cell surface molecules in infiltrating cell populations, including the inability to
simultaneously identify the precise cell type that is expressing a certain
receptor. One possible method for making more accurate and sensitíve
judgements is using two-colour flow cytometric analysis of cells obtained by
aspiration biopsy of the renal allografts (Totterman et al, l g8g). However, this
system for monitoring grafts is not being used at present in the renal
transplantation unit at The Queen Elizabeth Hospital.

3.4 (4) Expression of VLA molecules in the spleen

The expression of vLA morecules plus the Þ¿ chain was studied on
acetone-fixed sections of normal human spleen, with the same antibodies
used on kidneys in section 3.4 (2).

The p1 chain is very prevalent in the spleen (see section 3.2). lt is found on
the endothelial cells and walls of all vessels (including the sinusoíds), on the
splenic cords in the red pulp, and in the connective tissue trabeculae in a
fibrillar pattern. The white pulp is negative apart from occasional sma¡ blood
vessels and branching cells which may be fibroblasts. The lymphoid cells are
negative in all areas.

VLA-1 is almost identical apart from its absence from the luminal surface
of the endothelium of large vessels. However, it is clearly expressed at the
interface between the endothelial cells and the media. The d¡str¡bution of VLA-
2 is also similar to the p1 chains, although it is generatly weaker in the red pulp
and trabeculae, and it is particularly strong on the thin strip of non-lymphoid
cells that surround the white pulp. VLA-3 is strongly expressed on the intima
and media of blood vessels (apart from the sinusoids), and weakly on the
trabecular connective tissue, but is not found elsewhere (photograph page
150). VLA-4 is only found on occasional interstitial cells which appear to be
macrophages or dendritic cells. VLA-S is confined to the intima of large
vessels.

VLA-6 has a quite different distribution from the other VLA molecules. lt is
expressed by the endothelium of large vessels and the antibody also precisely
picks out the endothelial cells that line the sinusoids, without staining the cells
in the cords or the trabecular connective tissue (photograph page 151). Under
high magnification, the sinusoidal staining is confined to the basal membrane
of the endothelial cells, presumably adjacent to their basement membranes.
The B4 chain is strongly expressed in the spleen, in a very similar distribution
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to vl-A-6 (photograph page 1s1). This suggests that some (or all) of the a5
chains are complexed to the F¿ subunit in the human spleen.

Díscussion

The Vl-A family is widely distributed in the spleen, but there is significant
variation between the individual molecules. The distr¡bution of the individual
VLA molecules is different from that of the ECM components that they bind to
(eg laminin occurs in all basement membranes but the laminin receptors are
more selectively expressed). This suggests that they are more than just simple
linking molecules to particular ECM molecules. For example, there must be a
reason for the different patterns of three known collagen receptors (VLA-1, -2,
and -3); and VLA-S is usually confined to the lumen of large vessels, while the
other fibronectin receptor (VLA-3) is found both there and on extravascular
tissue.

The apparent association of the a5 chain with pa in the spleen is in stark
contrast to the complete absence of pa in the kidney. This complex is
specifically found at the base of the sinusoidal endothelial cells, which
suggests that it has an egually specific function at this site. There could also
be variation of pa expression between individuals, as Kajiji et al (1987) found
no Ê¿ in the spleen using the same antibody (Sg-41).

3.4 (5) The anti-VLA-2 monoclonat antibody RMAC11 inhíbits HUVEC
adhesion to collagen types I and lV and lamínin

The monoclonal antibody RMAC11 was produced after immunisation of a
BALB/c mouse with cultured HUVEC (O'Connell PhD thesis, University of
Melbourne, 1989). lt binds to an epitope on the VLA-2 a chain (a2). The effects
of RMAC11 on the adhesion of cultured HUVEC to various substrates were
studied in short-term (2 hour) assays, performed in medium without serum to
ensure that the HUVEC adhered directly to the substrate coated onto the base
of the well, rather than using fibronectin in the serum as a linking molecule.

Cultured HUVEC adhere and spread well on purified fibronectin and
collagen (types I and lV) in the absence of serum. Approxim ately 3OT" fewer
cells adhere to laminin under these conditíons, and they have a more spindly,
less spread-out appearance. ln the presence of serum, HUVEC adhere and
spread well on all these substrates, as well as gelatin or ptastic alone.
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Saturating concentrations of RMAC11 reduce the adhesion of HUVEC to
both types of collagen and laminin by 30 lo 4OTo, but has no inhibitory etfect
on the¡r adhesion to fibronectin (FN) (see graph page 1s2). The control
antibodies (P3x63498, the anti-HLA class I antibody w6/92, eE.2E5, and the
anti-VLA-S antibody PHM2 [see section 3.4 (6)]) had no effect on adhesion to
collagen or laminin. There were not only fewer adherent cells with RMAC11,
but they also had a rounded-up shape that was in marked contrast to the
spread, irregular appearance of cells cultured on fibronectin or in the
presence of the control antibodies.

Discussion

These results demonstrate that vtÁ-2 on HUVEC is a receptor for
collagen (types I and lV) and laminin, and that RMAC11 binds to a functional
epitope on the VLA-2 cr chain. The antibody does not affecrt the adhesion and
spreading of HUVEC on fibronectin. RMAC11 interferes with both cell
spreading and adhesion to collagen and laminin, and the cells have a
distinctive rounded-up appearance before they are washed off.

However, a significant percentage of cells remain adherent to the
collagen and laminin despite the presence of RMAO11, although most of
these were not as well spread out as cells coated with control antibody. There
are several potential explanations for this incomplete inhibition. The washing
step may be insufficient to remove all non-adherent cells, the RMAC11 may
not completely block the VLA-2 receptor, or the HUVEC may possess other
collagen and laminin receptors. Two other possible collagen receptors from
the integrin p1 family (vLA-1 and VLA-3) are also expressed by HUVEC, but
the monoclonal antibodies used in these studies that bind to those receptors

ÏSzn and J143) bind to non-functional epitopes, and cannot be used to test
that hypothesis.

Before these experiments were completed, a study was published that
confirmed that VLA-2 is a collagen and laminin receptor on HUVEC (Languino
et al, 1989). The inhibition of adhesion to collagen and laminin in that study
was 80-90%, which may be due to different experimental conditions, or
because their anti-VLA-2 antibody more completely blocked the receptor.

Laminin and collagen type lV (along with proteoglycans) are the
predominant molecules that make up basement membranes.The fact that
VLA-2 is a HUVEC receptor for both of these ECM proteins suggests that ¡t
attaches endothelial cells to their basement membranes in vivo. Vl-A-2 is a
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collagen receptor on platelets and ¡t is l¡kely that RMAC11 would also inhibit
platelet adhesion to collagen and collagen-induced platelet aggregation (not
tested).

3.4 (6) The monoclonal antibody pHM2 inhibits cellular adhesion to
fibronectin and binds to VLA-S

The monoclonal antibody PHM2 was originally described as a marker for
monocytes and macrophages (Becker at at, 1gg1). lt also binds to
megakaryocytes, platelets, endothelial cells in a variety of tissues, fibroblasts,
hepatic parenchymal and bilíary tract cells, and s-10% of r lymphoc¡es
(Hancock et al, 1983). The following experiments show that pHM2 inhibits
cellular adhesion to fibronectin and immunoprecipitates a complex that has
the characteristics of the fibronectin receptor VLA-S.

Cultured HUVEC adhere and spread well on purified fibronectin, as do
the cell lines U937 and K562. However, these two cell lines adhere poorly to
other substrates, including collagen and laminin. The only member of the VLA
family that K562 cells express in significant amounts is the fibronectin receptor
vLA-s, whereas u937 also express a small amount of vLA-4 (Hemler et al,
1e87b).

ln cell-matrix adhesion experiments, the monoclonal antibod y pHM2
inhibits the adhesion of cultured HUVEC to fibronectin by 30 to 401" in a
concentration-dependent manner, but has no effect on their adhesion to
collagen or laminin. Control antibodies (including the anti-VLA-2 antibody
RMACI 1), have no effect on HUVEC adhesion to fibronectin. Saturating
concentrations of PHM2 completely block ug37 and KS62 adhesion to
fibronectin, whereas control antibodies have no effect (see graph page 1s3).
The known ant¡-VLA-S monoclonal antibody 81E5 has comparable effects in
parallel experiments. These results demonstrate that PHM2 inhibits fibronectin
receptor function on these cells.

The original description of the cellular distribution of the antigen
recognised by PHM2 is consistent with the known distribution of VLA-S, and
the staining patterns in the kidney (photographs page 1s4) and spleen (not
shown) of PHM2 and B|ES (sections 9.4 (2) and 3.4 (4)) are identicat.

PHM2 immunoprecipitates antigen poorly, possibly because of low affinity
or because the epitope is disrupted during the procedure. lt weakly
immunoprecipitates from cultured HUVEC bands at 1so and 1 10 kD non-
reduced, and a broad band at 130 to 140 kD under reducing conditions. This
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is identical to the precipitation pattern obtained with B|ES (photograph page
155), and is contained within the more complex bands precipitated by the anti-
p1 antíbodies A-145 and QE.2E5 (section 3.2). However, attempted
sequential immunoprecipitation studies with PHM2 and these antibodies
using HUVEC or other cells have not been successful.

Discussion

Despite the incomplete immunoprecipitation data, there is strong
evldence that PHM2 recognises the same antigen as BIES ie the fibronectin
receptor VLA-S. They have identical cellular and tissue distributions, both
specifically inhibit cellular adhesion to fibronec{in, and pHM2 has the
appropriate precipitation pattern from HUVEC for VLA-S. These studies do not
reveal whether PHM2 binds to the a chain of VLA-S, or to a conformational
epitope formed by the ø5 ârìd p1 chains.

PHM2 only partially inhibits HUVEC adhesion to fibronectin, probably
because they also express VLA-3 and some Vl-A-4 as potential fibronectin
receptors. This hypothesis could not be confirmed by further blocking studies,
as the anti-VLA-3 and anti-Vl-A-4 antibodies available to us (J143 and 85G10)
do not bind to functional epitopes. K562 only express significant amounts of
VLA-S as a potential fibronectin receptor, and therefore their adhesion to
fibronectin is completely blocked by PHM2 and BlE5. However, Ug37 express
some VLA-4 as well as VLA-S. The complete inhibition of U937 adhesion to
fibronectin may be because their VLA-4 is not in a functional form, or that the
fibronectin used in these experiments does not contain significant quantities of
the alternatively spliced form that interacts with VLA-4.

The few anti-VLA-S monoclonal antibodies described in the literature
include the B|ES used in this study, BllG2 (Brown et at, l ggg), plFg and plD6
(wayner et al, l ggg), and antibody 16 (Akiyama et at, l ggga). pHM2 binds to
a functional epitope on VI-A-S , and is a useful addition to this short list.

3-4 (7) The VLA-6 a chain associates with the Ê r chain on cultured HUVEC

The VLA-6 a chain (c6) associates with the p4 chain on some epithelial
cell lines (sonnenberg et al, 19BBa, Hemler et at, l ggg). Antibodies against
the p4 chain also only stain epithelial cells (normal and malignant) in tissue
sections (Kajijí et al, 1989). The following studies show that the anti-VLA-6
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monoclonal antibody GoH3 immunoprecipitates a complex on cultured
HUVEO that is distinct from c5p1 and is probably the aeÊ¿ complex.

GoHs immunoprecipitates a complex from platelets that is composed of
the cr5 and 9r chains (Hemler et al, 19BB) (photograph page 1s6). The pattern
of precipitation is different using cultured HUVEC, and the strength of the
bands (ie the level of expression of the c6 chain) varies between HUVEC cell
lines. under non-reducing conditions, a distinct band at 1gs kD (which
corresponds to the a6 chain) is co-precipitated with three other bands at 190,
155, and 1 15 kD. This pattern is clearly distinguishable from that obtained
from the same cells with the anti-p1 antibodies goat 172 and eE.2Es
(photograph page 156). Some of the a5 chains may also be associated w¡th p1

chains, as the lower molecular weight band overlaps with the band containing
the p1 chains in the anti-P1 antibody lanes.

Following complete preclearing of 9r chains from a HUVEC lysate by the
antibody A-145, the ae chain is still precipitated by GoH3, although possibly
with slightly decreased intensity. There are no additional higher molecular
weight bands, but there is a broad, strong band at 1 15 kD (photograph page
134).

A comparative immunoprecipitation from HUVEC of GoHs and the anti-p4
antibody 439-98 was performed, but the expression of the u5 chain on these
particular HUVEO cells must have been low as the bands are very weak.
However, after prolonged autoradiography, ârì o5 plus the three additional
bands are just visible in the GoH3 lane, and a simitar complex is just visible in
the 439-98 lane. However, these weak bands could not be photographed.

ln an attempt to confirm that these bands represent the pa chain, other
HUVEC were studied by ELISA and by flow cytometric analysis, using the anti-
p4 monoclonal antibodies S3-41 and 439-98. Two separate HUVEC cell lines
failed to bind either antibody by ELISA. However, three different HUVEC lines
were very weakly positive by flow cytometr¡c analysis (see page 145).
Unfortunately, the lines which were used for the immunoprecipitation studies
were not available for this analysis of their cell surface molecules.

Discussion

The immunoprecipitation studies show that the øe chain expressed by
some cultured HUVEC lines is co-precipitated with a group of molecules that
resemble the integrin pa chains, as the molecular weights of these bands
correspond to those described for the Ba complex (Kajiji et al, 19gg).
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The dense lower molecular weight band that is co-precipitated with the gs

chain following preclearing by the ant¡-pr monoclonal antibody A-1AS

suggests that the multiple chains have all been degraded during the
procedure to a lower molecular weight form. This single band could still be
consistent with the p4 molecule, as the various molecular weight forms of the
pa chains can be degraded to the lower molecutar weight forms by
neuraminidase digestion (Kajiji et al, l g8g), and a similar degradation may
have occurred during the immunoprecipitation procedure. The fact that the o,6

chain band is almost unaffected by preclearing with the anti-p1 antibody shows
that little if any c6 was associated with the p1 subunit.

while the evidence from the immunoprecipitation studies is quite
convincing that the u6 chains are complexed with p4 chains on HUVEC, the
information obtained from the ELISA and flow cytometric analysis does not
fully support this observation. At best, the flow cytometric analysis (which is
probably more sensitive than the ELISA) shows low expression of the Ê¿

chains on those particular HUVEC lines. One possible explanation for this
difference is that some HUVEC lines express little or no pa, and that their q6

chains are complexed with p1 chains. Alternatively, the bands precipitated with
the a5 chains could represent a novel integrin complex.

This observation is in some agreement with another study (Hemler et al,
1989) which showed that oo associated with some Þ¿ but mainly p1 in an
endothelial cell culture. ln addition, the studies in section 3.3 (4) show that p4

chains are expressed by the endothelial cells that line splenic sinusoids.
However, other endothelium in the spleen and blood vessels in the kidney do
not express pa, although some of these cells express the c5 chain (presumably
associated with B1).
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GIE.2E5

*4.

-iló

-iló

tsoelectric focussing followed by SDS-PAGE (non-reduced) in the second

dimension; pattern immunoprecipitated by QE.2E5 from cultured HUVEC

A1A5

*

lsoelectric focussing followed by SDS-PAGE (non-reduced) in the second

dimension; pattern immunoprecipitated by A-145 from cultured HUVEC
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Sequential immunoprecipitation of platelet lysate (non-reduced): (1) OE.2E5
(2) lysate completely precleared of QE.2E5 antigen, followed by (3) A-145
(4) A-145 (5) lysate completely precleared by A-145 antigen, followed by
(6) OE.2E5 (5% sel)
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comparative immunoprecipitation of QE.2E5 and A-1A5 using JM cells

(a) aE.2E5 reduced (b) A-145 reduced (c) aE.2E5 non-reduced
(d) A-145 non-reduced (5% gel)
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Expression of vLA-6 (GoH3) in normal human kidney: staining of the base
of all tubules (indirect immunoperoxidase, x200)
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Effects of RMAC11 on adhesion of cultured HUVEC to ECM molecules. The
number of cells remaining adherent in the presence of saturating
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dilution of the control antíbody w6/92 (see materials and methods)
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Comparative immunoprecipitation of HUVEC lysate with PHM2 and the anti-

VLA-5 antibody 81E5: (a) PHM2 non-reduced (b) PHM2 reduced

(c) B1E5 non-reduced (d) B1E5 reduced (5% gel)
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lntroduction

The adhesion of leucocytes to the endothelium is a fundamental
prerequisite for the em¡gration of leucocytes into the extravascular tissue.
Following this adhesion, the leucocytes slide in between the endothelial cells
and pass through a gap they create in the basement membrane by producing
matrix-degrading enzymes (Naparstek et al, 1994, schoefl et al, 1972,
Pawlowski et al, 1988). The defect is then rapidly repaired by the overlying
endothelial cells. This process has been studied in a model of the venular
vessel wall constructed by culturing HUVEC on a coltagen matrix (Huber and
Weíss, 1989).

Small numbers of leucocytes normally emigrate from the circulation as a
part of the physiological traffícking of cells, but they leave it in large numbers in
response to inflammation. Lymphocytes are the cells most important in the
initiation of alloimmunity, and so most of the following discussion concerns
their interactions with the endothelium. This chapter focusses on the receptors
for cell-cell interactions, particularly those involved in leucocyte adhesion to
the endothelium. The first part of the literature review concentrates on a group
of molecules called the "homing receptors", which guide lymphocytes to
specific receptors on specialised endothelial cells that line vessels known as
high endothelial venules (HEV). These interactions are stabilised by another
group of adhesion molecules known as the leucocyte adhesion molecules,
which belong to the p2 integrin family. The wide-ranging roles of this family of
adhesion molecules in cell-cell adhesion in the immune system will then be
discussed, along with the complementary functions of the receptor-ligand pair
called cD2 and LFA-3, which are both members of the immunoglobulin
superfamily. Finally, the endothelial receptors for these leucocyte adhesion
molecules will be reviewed, with particular emphasis on molecules that
appear or are upregulated on endothelial cells after they are activated.

under normal circumstances, approximately one tenth of the blood
neutrophil pool leaves the circulation each hour, although part of this may be
in response to subclinical episodes of infection. Monocytes leave the
circulation at a lower rate, but do so to become long-lived tissue macrophages
(reviewed by Harlan, 1985a). The preferred site of emigration of neutrophils
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and monocytes appears to be the postcapillary venule, which is the site of the
first major decrease in vessel wall shear stress.

Lymphocytes continually recirculate from the blood to the lymphoid
system as they provide immunological surveillance. This enables the
lymphocytes, pafticularly the rong-lived memory cells which have been
previously exposed to antigen, to gain access to sites of antigenic stimulation.
The lymphocytes extravasate in lymphoid tissue at specialised post-capillary
vascular sites known as high endothelial venules (HEV) (reviewed: Duijvestijn
and Hamann, 1989, woodruff et al, 1ggz, Berg et al, 19g9). All secondary
lymphoid tissues apart from the spleen possess HEV. The endothelial cells
that line these vessels have a typical cuboidal, plump appearance (hence
"high") (Kraal et al, 1987), in contrast to the usual ftattened endothelial cells in
other parts of the circulation. This "high" appearance and their specialised
function disappears following lymphocyte depletion or blockage of antigen
supply from the afferent lymph, but increases rapidly atter antigen stimulation.
This suggests that factors retated to the antigenic stimulation and lymphocyte
passage are necessary for maintenance of the characteristic morphology and
function of HEV (Duíjvestijn and Hamann, l ggg). under normal
circumstances, other leucocytes such as neutrophils do not migrate through
these HEV in significant numbers (Woodruff et al, 1gg7).

The HEV develop during the neonatal period in lymph nodes, tonsil, and
gut-associated (Peyer's patch and appendix) and bronchíal-associated
lymphoid tissue. They are found in the codex and interfollicular regions, but
not in the germinal centres nor medulla (Woodruff et at, 1gB7). Their lining
endothelial cells have abundant cytoptasm, large pale nuclei, and a dense
nucleolus. They appear to be metabolically active, as they have numerous
polyribosomes and a large amount of rough endoplasmic reticulum (Kraal et
al, 1987), and take up a large amount of sulphate, which is incorporated into a
sulphated glycolipid (Andrews et al, 1992, Andrews et al, 1gg3). The
emigration of the lymphocytes out of the HEV occurs between and not through
the cells (Schoefl et al, 1922).

Lymphocyte interactions with the HEV have been extensively studied in
vitro using the stampfer-woodruff assay (stampfer et at, 1976). Lymphocytes
are overlaid onto frozen sections (fixed or unfixed) of lymphoid tissue, and
about 85To ot the cells that remain adherent following washing are bound to
the HEV, which make up only about 1 lo 21" of the surface area of the section.
some studies have been performed with cultured high endothelial cells
derived from rat lymph nodes (Ager, 1997, Ager and Místry, l ggg, lse et al,
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1988), or using short-term in vivo homing studies in mice (stevens et af,
1982). The latter stud¡es have shown that T lymphocytes preferentially
distribute to peripheral lymph nodes by binding selectively to their HEV, and B
lymphocytes have a preference for gut-associated lymphoid tissue and their
HEV (Stevens et al, 1992, pals et al, 1gg6). HEV-binding ability is a property
of mature lymphocytes rather than thymocytes or bone marrow cells, which are
sessile in vivo (Jalkanen and Butcher, 19g5). ln addition, mouse lymphoma
lines have been identified which bind with almost absolute specificity to HEV
of peripheral lymph nodes or of peyer's patch (Butcher et al, 19g0). The
selective binding of lymphocytes to HEV, and the preference of cenain
lymphoid cell populations for specific HEV, is now known to be mediated by
specialised lymphocyte cell surface structures, which will be discussed tater.

Leucocyte extravasation during inflammation

Neutrophils are the predominant infiltrating cells during the early phase of
an evolving inflammatory response, but they are gradually replaced by
monocytes/macrophages and lymphocytes in the later phases. Increased
neutrophil adhesion to the endothelium is specifically confined to the vessel
intima immediately adjacent to the acute inflammation, and it is then followed
by diapedesis and extravascular migration. Local factors dictate that the
neutrophils adhere only at the site of inflammation, as the endothelium in
uninvofved areas remains non-adherent (Harlan, 1985a). Chemotactic factors
elaborated during the acute ínflammation, particularly in bacterial infections,
contribute to the attraction of neutrophils to that particular site, but these will
not be discussed further here. Considerable evidence exists that the
endothelium adjacent to an inflammatory focus undergoes atterations that
both make it more adherent and facilitates subsequent leucocyte
extravasation. Significantly, the neutrophil adhesion to the endothelium that
follows stimulation of the neutrophils alone (eg after systemic complement
activation [o'Flaherty et al, 1g7B], or during the granulocytopenia of
haemodialysis [Arnaout et al, 1985]), is transient and not followed by
neutroph¡l emigration from the blood, suggesting that endothelial activation is
necessary for extravasat¡on.

The mechanisms of monocyte emigration into an inflammatory focus are
similar to those for neutrophils, and again endothelial alterations are
particularly significant. ln both cases the endothelial cells are induced to
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express spec¡f¡c receptors for the leucoc¡es. These changes will be
discussed in more detail later in this chapter.

Lymphocytes have a less prominent role in the typical acute inflammatory
response which is characterised by neutrophil infiltration eg that which occurs
in response to bacterial infection. However, lymphocytes are the major cells
involved in the initiation of allogratt rejection (apart from the now rare
antibody-mediated hyperacute rejection), chronic inftammatory responses (eg
rheumatoid arthritis), and cell-mediated hypersensitivity. Neutrophils only
become prominent in the later stages of these reactions when tissue necrosis
has occurred. Experimental evidence has shown that alterations in the
endothelium at these sites are central events that mediate lymphocyte
adhesion and diapedesis. The precise changes are distinct from those that
occur during neutrophil and. monocyte extravasation, and strongly resemble
the interactions between lymphocytes and HEV during normal lymphocyte
recirculation. The endothelial cell alterations that facilitate this lymphocyte
extravasation are the central theme of this section.

ln all types of inflammation that have been studied, the infiltrating
leucocytes leave the circulation by traversing post-capillary venules (Dvorak et
al' 1986). ln acute inflammation, these vessels retain their usual flat
appearance, but in various examples of chronic inflammation they develop
HEV-like morphology (Dvorak et ar, 19g6). This suggests that "high"
endothelium develops from normally flat endothelium in situations of
persistent immune reactivity, analogous to the antigen-stimulated lymphoid
tissue.

For example, bulging endothelial cells reminiscent of HEV develop in the
peroxidase arthritis model of the immune inflammatory response to a
persistent local antigen (horseradish peroxidase) (Graham and shannon,
1972). The height of the endothelial cells in rheumatoid synovial vasculature
is positively correlated with the number and percent of perivascutar
lymphocytes (lguchi and zilf , 1986), and these HEV-like vessels are
part¡cularly adhesive for lymphocytes (oppenheimer-Marks and zit!, 1986). A
specific endothelial cell recognition system that mediates lymphocyte
emigration into inflamed synovial tissue has been characterised (Jalkanen et
al' 1986b). lt is distinct from the recognition system for peripheral lymph node
and Peyer's patch HEV. HEV-like venules occur in the lymphocyte aggregates
of a variety of pathological conditions (Freemont, 1gg3), including foreign
body reactions, ulcerative colitis, peptic ulceration, rheumatoid synovitis,
chronic cholecystitis, chronic pyelonephritis, myositis, and Hashimoto's
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thyroíditis. The number and size of the vessels varies with lymphoc¡e density
rather than the underlying condition. HEV-like changes also occur in the post-
capillary venules that are surrounded by lymphocytic infiltration in BCG-
induced granulomata in rat skin (Freemont and Ford, l gBS). lt appears that
any lymphocytic collection in chronic inflammatory disorders can be
associated with HEV-like vessels.

The development of HEV-like vessels at sites of chronic inflammation
suggests that the molecular mechanisms of lymphocyte adhesion to and
extravasation through this activated endothelium might be símilar to those that
operate in the HEV of lymphoid tissue.

The microvascular endothelium is a major site of damage during allograft
rejection (Dvorak et al, 1979, Bishop et al, l g8gb). Sequential examínation of
the ultrastruc{ural changes during first set rejection of cardiac allografts in the
rat shows a severe loss of functional and structural integrity of the
microvascular endothelium that precedes the development of extensive
damage to the cardiac muscle cells (Forbes et al, 1983). At the onset of the
rejection, the extensive mononuclear extravasation is accompanied by the
development of "high ac{ivated endothelium", similar to the changes obserued
in models of delayed-type hypersensitivity (Dvorak et al, 1976), skin grafts
(Dvorak et al, 1g7g), and renal allogratts (pederson and Morris, 1g70). HEV-
like vessels appear in sponge matrix allografts that have acquired alloantigen-
reactive T lymphocytes (Bishop et at, l ggg), and these vessets bind
lymphocytes in ex-vivo studies. Sponge matrix isografts do not develop the
same vessel changes. The peritubular capillary endothelium of a renal
allograft preferentially binds lymphocytes in much the same way as HEV, and
this is the most likely site of the influx of leucocytes into the graft during
rejection (Renkonen et al, 1989b). These endothelial cells show signs of
marked activation during allograft rejection (Renkonen et al, l ggo).

It is postulated that these microvascular changes are secondary to
cytokines released by the infiltrating mononuclear cells. Lymphocytes
(particutarly cD8-positive cytotoxic T lymphocytes) induce marked
morphological changes in cultured allogeneíc endothelial cells and induce the
expression of MHC class ll antigens (Bender et al, 1g8g). The intradermal
injection of crude lymphokine, containing both tumour necrosis factor (TNF)
and interferon ac{ivities, induces vascular changes similar to those in a
delayed-type hypersensitivity skin reactíon (Dumonde et al, 1gg2). TNF and y-
lF injected into baboon skin induce endothelial cell hypertrophy, increased
vascular permeabílity, and a progressive leucocyte infiltration that resembles a
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delayed hypersensitivity reaction (Munro et al, 1989). Patients treated with lL-2
immunotherapy for metastatic malignancy often develop a vascular leak
syndrome, and skin biopsies show endothelial cells that appear to be
activated and "leaky" (Cotran et al, 1987). The proposed mechanísm for this
endothelial activation is that lL-2 índuces the production of other cytokines by
mononuclear cells, which then mediate these changes. lL-2 itself has no direct
effect on endothelial cells in culture.

cultured HUVEO treated with lL-1 or TNF plus ylF change from their
typical polygonal epithelial-like shape to plump, retracting cells with prominent
intercellular gaps (stolpen et al, 19g6). ln another study, stimutation of
cultured HUVEO with rNF or lymphotoxin (LT) resulted in increased
adhesiveness for lymphocytes, increased metabolism (measured by RNA and
protein synthesis), and increased cell volume (cavender et al, l ggg). The
changes are reversible upon removal of the cytokines, and may represent the
in vitro equivalent of the development of HEV-like vessels in inflammatory foci.

It has been suggested that the role of y-lF in these studies is to conver-t the
changes of acute inflammation into those of chronic (or immune) inflammation
(Pober, 1988). Antibodies against y-lF inhibit the development of delayed-type
hypersensitivity inflammatory changes in rat skin (lssekutz et al, l ggg).

lL-1, TNF, lymphotoxin (LT), and ylF, singly or in combination, have other
effects on endothelial cells in vitro, including the induction of "activation
antigens" and increased endothelial adhesiveness, which will be discussed
later in this section. These effects and the morphological changes seem to
constitute the in vitro equivalent of the development of HEV-like vessels in
vivo.

Lymphocyte adhesion to HEV and HEV-like vessels, and their subsequent
extravasation, is mediated by specific receptors on the surface of the
lymphocytes binding to their ligands on the endothelial cells. The lymphocyte
molecules that mediate binding to HEV in lymphoid tissue are called "homing
receptors" because they guide the homing of the lymphocytes to specific sites
in the lymphoid system.

Lymphocyte Homing Receptors

The most extensively studied homing receptor mediates the adhesion of
lymphocytes to peripheral lymph node HEV in mice. lt was originally defined
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by the rat monoclonal antibody MEL-14 (Gallatin et al, 19gg), which binds
specifically to lymphocytes and lymphoid cell lines which adhere to peripheral
lymph node HEV. MEL-14 almost completely inhibits this adhesion (in vitro
and in vivo), without having any effect on those cells which adhere to peyer's
patch HEV. lt inhibits the development of lymphadenopathy associated with
autoimmunity in MRl-lp/lpr mice, probably by inteñering with lymphocyte
homing to the peripheral lymph nodes (Mountz et al, 1g8B). Germinal centre
lymphoid cells, which are nonmigratory and fail to bind to HEV or migrate
normally in lymphoid tissues, do not express the MEL-14 antigen (Reichen et
al, 1983). These lymphocytes have lost their ability to home after being
activated by antigens. ln vitro, lymphocytes rapidly shed MEL-1 4 after phorbol
ester stimulation, and the shed fragment can be detected in the supernatant
(Kishimoto et al, 1990).

MEL-14 immunoprecipitates an 80-9OkD antigen from lymphocytes which
migrates more rapidly under non-reducing conditions on SDS-PAGE,
suggestíng that it has significant intrachain disulphide bonding. The size also
varies slíghtly according to the cellular source of antigen. lnitial studies of the
structure of the MEL-14 antigen revealed two amino termini, one of which
corresponds to the amino terminus of ubiquitin, an 8.4 kD polypeptíde that has
been remarkably conserved through evotution (Siegelman et al, 1996).

The receptor recognised by MEL-14 is carbohydrate-binding (yednock et
al, 1987), and the purified antigen interacts in a sugar-inhibitible manner with
sites on peripheral lymph node HEV which prevents attachment of
lymphocytes (Geoffrey and Rosen, 1999). The MEL-14 antibody binds to a
determinant in the carbohydrate-b¡nding (lectin) domain of the receptor
(Bowen et al, 1990). Cloning of the receptor has revealed the anticipated
lectin domain (Lasky et al, lg8g), which is highly homologous to domains
found in a diverse series of calcium-dependent animal lectins. The lectin
domain is followed by two other prote¡n domains - an epidermal growth factor
(EGF)-like domain, and two homologous repeat units preserving the motif of
complement regulatory proteins. The additional domains suggest interesting
funclional possibilities, and this arrangement is also present in three other
molecules - endothelial-leucocyte adhesion molecule-1 (ELAM-1), granule
membrane protein-140 (GMP-140), and the human equivalent of the MEL-14
receptor (leucocyte adhesion molecule-1, LAM-1). These four molecules make
up a recently identified family of adhesion receptors (the "selectins" [Tedder et
al, 19901) that will be discussed in more deta¡l later.
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The precise structure of the ligand on endothetial cells for the MEL-14
receptors is unknown, but it presumably has a carbohydrate recognition
determinant that binds to the lectin domain. Stoolman et al (1983) found that
L-fructose, D-mannose, and the L-fucose-rich sulphated polysaccharide
fucoidin specifically inhibit the b¡nding of lymphocytes to HEV. Sialic acid
residues appear to be important, as sialidase treatment of lymph node
sections removes sialic acid residues and inhibits lymphocyte binding to HEV
(Rosen et al, 1985), and sialidase injected intravenously into mice selectively
prevents subsequent in vitro attachment of lymphocytes to peripheral lymph
node HEV but not Peyer's patch HEV (Rosen et al, l ggg). sialic acid
determinants are well placed for recognition functíon as they are generally
found in a terminal, non-reducing position of oligosaccharide chains, and they
apparently serve as recognition determinants in a number of microbial-host
interactions (Sharon et al, 1989).

Human lymphocytes and lymphoid cell lines possess functional homing
receptors for binding to HEV (Navarro et al, 1995, stoolman and Ebling,
1989b), and a functionally similar carbohydrate-binding receptor mediates
selective attachment of human peripheral blood lymphocytes to the HEV of
human lymph nodes (stoolman et al, 1gg7). The human equivalent of the
murine MEL-14 has been identified, both by using the murine MEL-14
receptor cDNA clone to identify the human receptor (Bowen et al, l ggg), and
by isolating the clone from a human cDNA library (Siegelman and Weissman,
1989, Tedder et al, 19gg). tt is highly homologous (77%) to the murine
receptor, and as expected, contains the lectin domain located at the amino
terminus followed by an EGF-like domain and a domain containing two
repeats of a complement-binding motif.

The human receptor has been named leucocyte adhesion molecule-1
(LAM-1) (Tedder et al, 1989), and is identical to the previously described pan-
leucocyte antigen Leu-8/TQ1 (Camerini et al, 1gB9), which identifies the
suppressor-inducer subset of CD4* T lymphocytes (Reínherz et al, 1992). A
possible explanation for the helper-inducer subset lacking this receptor is that
it compríses activated cells which have exited the lymph nodes into the
peripheral circulation, and whíle doing so shed their LAM-1. lt is bound to the
cell by either a conventional transmembrane segment or by a phospholipid
anchor, and the latter may be shed following activation or homing (Camerini et
al, 1989). Cell lines which express high levels of LAM-1 mRNA bindto human
HEV, while most of those that do not express LAM-1 mRNA do not bind
(Tedder et al, 1989). Blood lymphocytes exposed to the phorbol ester pMA
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rapidly modulate LAM-1 from the cell surface, and at the same time lose their
ability to bind to lymph node HEV (Tedder et al, 1990, oppenheimer-Marks et
al, 1990). Thus the evidence strongly suggests that LAM-1 mediates the same
function in humans as the MEL-14 receptor in mice i.e. lymphocyte binding to
peripheral node HEV, and that it is lost from the cell surface following
activation or extravasation (Hamann et al, l gggb).

The MEL-14 receptor/LAM-1 is also expressed by neutrophils, monocytes,
eosinophils, marrow myeloid cells, granulocyte/macrophage colony-formi ng
units, and burst-forming units for erythroid cells (Lewinsohn et al, 1997,
Tedder et al, 1990, Griffin et al, 1990). The MEL-14 antibody inhibits the in
vitro adhesion of neutrophils to HEV in peripheral lymph nodes, and inhibits
the capacity of neutrophils to migrate into sites of acute inflammation in the
skin. This shared recognition mechanism between lymphocytes and
neutrophíls is a little surprising considering the known preferences of
lymphocytes for lymphoid tissue (although neutrophils can m¡grate ¡nto
inflamed lymphoid tissue), and neutrophils for sites of acute inflammation. One
possible explanation is that other receptors contribute to the specificity of sites
of leucocyte adhesion and extravasation.

Stimulation of murine neutrophils with chemotactic factors results in a
rapid loss of the MEL-14 antigen from the cell surface by shedding (Kishimoto
et al, 1989, Jutila et al, 1989b), which is in dírect contrast to the increased
expression by neutrophils of other adhesion molecules (see later) following
stimulation. The loss of MEL-14 antigen is associated with loss of the
neutrophil's ability to bind to inflammatory sites in vivo. LAM-1 on human
neutrophils, monocytes, and the¡r precursors is also downregulated rapidly
following stimulation with GM-CSF, TNF, FMLP, and leukotriene 84 (Griffin et
al, 1990). lt has been postulated that the MEL-14 antigen (and presumably
LAM-1 in humans) mediates the initial interaction beween neutrophils and the
vascular endothelium during the early phases of an inflammatory response,
and, upon activation of the neutrophils, the other upregulated adhesion
molecules "take over" and mediate the subsequent emigration from the
vasculature (Jutila et al, 1989a). Clearly, the identity of the unknown ligand for
neutrophil MEL-14 antigen on inflamed endothelium is of great interest.
Presumably it is expressed only on endothelíal cells in inflamed tissue or in
HEV (or in a modified form at those sites), as neutrophils do not exhib¡ the
same adhesion for normal endothelium, and their low constitutive binding to
HEV is dramatically increased by inflammatory st¡muli. Monocytes bind poorly
to HEV in uninflamed lymph nodes, but also exhibit a dramatic increase in
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adherence following inflammation, which is also inhibited by the MEL-14
antibody (Jutila et al, 1989a).

It is apparent that the MEL-1 4/LAM-1 homing receptors have more
complex roles than just the homing of lymphocytes to HEV in peripheral lymph
nodes. A further intriguing possibility is that the shed MEL-14 antigen/LAM-1
may have a modulating role at sites of inflammation by binding to the
endothel¡al ligand and preventing further adhesion of leucocytes.

(2) Peyer's patch HEV receptor

Functional studies identified a distinct lymphocyte receptor for peyets
patch HEV, and it has been recently characterised with the rat anti-mouse
monoclonal antibody R1-2 (Holzmann et al, 19g9a), which inhibits the
adhesion of murine lymphocytes to Peyefs patch HEV but not to peripheral
lymph node HEV. The receptor is cailed rymphocyte peyer,s patch HEV
adhesion molecule-1 (LPAM-1), and is a heterodimer. The estimated weight of
the chains is 160 and 130 kD, and R1-2 binds to the larger (a) subunit. LPAM-
1 is structurally similar to the EcM receptor vLA-4, and anti-vlA-4 o chain
antiserum recognises the cr subunit of LPAM-1. ln addition, antibodies against
vLA-4 have been found to inhibit the binding of human lymphocytes to
appendix HEV (Berg et al, 1989).

The amino acid sequences of the two cr chains are highly homologous,
but the LPAM-1 a chain (cr¿r,,r) is associated with a novel p chain (Þp) on mouse
lymphoma cells that selectively bind to Peyer's patch HEV (Holzmann et al,
1989b). The Êp chain is distinct from the Êr, Þ2, and fu integrin chains. The a¿¡¡
chain can also associate with the integrin p1 chain, and this complex is
involved in the adhesion of certain cells to Peyels patch HEV. Some cells
express both the c"¿v/þp and the o,¿¡¡/þt complexes.

Vl-A-4 is also a receptor lor a recently described molecule on activated
endothelial cells (see later), and it is likely that lymphocyte receptors
possessing the LPAM-1 NLA-4 cr chain have an important role in the adhesion
of lymphocytes to endothelium at inflammatory sites.

(3) Hermes receptor (CD44)

The monoclonal antibody Hermes-1 identifies a 90 kD lymphocyte surface
glycoprotein that is involved in endothelial cell recognition and lymphocyte
trafficking in man (Jalkanen et al, 1986a). The Hermes antigen is selectively
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expressed by lymphoid cells that recognise and bind to HEV, but the Hermes-
1 antibody does not block the adhesion. The Hermes-3 antibody was
produced by immunisation with Hermes-1 antigen isolated from a cell line that
specifically binds to mucosal HEV (Jalkanen et al, 1gg7). This antibody
selec{ively blocks lymphocyte adhesion to mucosal lymphoid tissue HEV (ie
Peyer's patclt, appendix) in humans. A distinct recognition system involving
the Hermes antigen also exists on lymphocytes for the HEV-like vessels in
inflamed synovium from patíents with rheumatoid arthritis (Jalkanen et al,
1986b). Polyclonal antiserum produced against isolated Hermes antigen
blocks lymphocyte adhesion to HEV in peripheral lymph nodes, mucosal
tissue, and inflamed synovium, which implicates the Hermes molecules in all
three pathways of lymphocyte trafficking (Jalkanen et al, 1987). These findings
suggest that the Hermes antigen actually comprises a family of related but
functionally distinct receptors for HEV, or that it associates both physically and
functionally with such receptors.

Sequential immunoprecipitation studies show that the Hermes-1, Hermes-
3, and polyclonal antiserum immunoprecipitate the same antigen (Jalkanen et
al, 1987), and the Hermes-1 antibody immunoprecipitates physicochemically
identical species from peripheral blood lymphocytes and from cell lines that
specifically adhere to mucosal or peripheral lymph node HEV (Jalkanen et al,
1s88).

The Hermes molecule has now been cloned (Stamenkovic et at, 1989,
Goldstein et al, 1989) and designated cD44.lt is synthesised as a s7 kD
polypeptide backbone that is either glycosylated to the usual 85 to 95 kD form,
or additionally modified by covalent linkage to chondroitin sulphate to a 180 to
200 kD form (Jalkanen et al, 1988, ldzerda et al, l ggg). A distal region of the
amino acid sequence shows striking homology to tandemly repeated domains
of the chicken and rat cart¡lage link and proteoglycan core proteins, but no
homology to the MEL-14 antigen or integrin families (Goldstein et at, 1 gg9).

This domain is highly conserved between humans and mice (zhou et at,
1989). The cartilage link proteins stablilise large aggregates of cartilage
proteoglycan core proteins by binding to proteoglycan monomers or to
hyaluronic acid, and can also bind to native collagen (Haynes et al, l ggg).

The extracellular matrix receptor lll (ECMR lll), that is identical to CD44, was
originally isolated on collagen-affinity columns (Carter and wayner, 19gg),
and CD44 has recently been shown to be the principal cell surface receptor
for hyaluronate (Aruffo et al, 1990, Miyake et al, 1990). This GD44lhyaluronate
interaction mediates the adhesion between B lymphocyte hybridoma cells and
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a bone marrow stromal cell line, and may account for a number of the multiple
func.tions that have been attríbuted to cD44.

CD44 cDNAs from different lymphoid cell lines have the same major
sequence (Stoolman et al, 1989a). However, the CD44 from different cell
types have distinct electrophoretic mobility, presumably due to differential
glycosylation (Kansas et al, 1989). This suggests that tissue-specific homing
that depends on CD44 is governed by isoforms that ditfer in carbohydrate
residues rather than primary sequence, or that CD44 plays a role in homing by
virtue of physical association with distinct molecules that confer the tissue
specificity (Berg et al, 1989). one group produced anti-cD44 monoclonal
antibodies by immunising with purified lymphocyte function-associated
antigen-1 (LFA-1) (see later), which suggests that they are closely associated
on the cell surface and were co-purified, or that they share epitopes (Pals et al,
1989b). lt is likely that the organ-specific component of lymphocyte-HEV
adhesion is the product of combinations of multiple adhesion molecules rather
than a single receptor (Holzmann et al, 1989a).

The CD44 antigen is identical to a widely distributed multifunctional ceil
surface molecule that has been described in a number of studies (reviewed by
Haynes et al, 1989). The various names include pgp-1, EcMR lll, and pgO in
humans, and Ly24 and Pgp-1 in mice (Gallatin et al, 1989, Picker et al, l ggg).

It is expressed by lymphoid, myeloid, erythrocyte, epitheliat, endothelial, glial,
and fibroblast populations (Carter and wayner, 1988). Memory T lymphocytes,
which have been previously activated by antigen, stably acquire CD44 (Budd
et al, 1987). They also express increased levels of other adhesion molecules
(LFA-1 , cDz, LFA-3, cD29), which may provide them with a selective
advantage when they again encounter the antigen that provided the initial
stimulation (Sanders et al, 1988a, Sanders et al, lg8gb).

CD44 is involved in cell-cell interactions other than lymphocyte adhesion
to HEV. The expression oÍ CD44 by lymphomas correlates with their
metastatic potential (Pals et al, 1989a), and mouse L cells transfected with
cD44 cDNA exhibit a new self adhesive phenotype, forming large aggregates
in suspension (st. John et al, 1990). Antibodies against cD44 inhibit
erythrocyte adhesion to human T lymphocytes by binding to the CD44 on
erythrocytes (Hale et al, 1989b, Shimizu et al, 19Bg). The anti-CD44
antibodies block erythroc¡e adhesion by interfering with the cD2lLFA-3
interaction between erythroc¡es and T lymphocytes (Hale et al, 1999b). CD44
on erythrocytes is regulated by the ln(Lu) dominant inhibitor gene and
expresses the lna and lnb blood group antigens.
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CD44 also has a role in cell activation. Anti-CD44 monoclonal antibodies
augment T lymphocyte proliferation induced by cD3- and CD2-receptor-
mediated activation (Shimizu et al, 1g8g, Huet et al, 1999, Denning et al,
1990). Huet et al postulated that the binding of T lymphocytes to CD44 on
endothelial cells provides an accessory signal in T lymphocyte activation.
Denning et ai also found that antí-CD44 antibodies enhance monocyte lL-.1

release, adhesion of r lymphocytes and monocytes in anti-cD2 antibody-
stimulated cultures, and T lymphocyte lL-2 production in response to anti-CD2
antibodies. ln contrast, soluble cD44 found in the serum may have a
regulatory role by competing with cell-bound CD44 for its natural ligand
(Lucas et al, 1989).

Leucocyte Adhesion Molecules

The p2 integrin family consists of three heterodimers that share a common
p chain non-covalently linked to distinct s chains. They are only expressed by
leucocytes. one member of the family, lymphocyte function-associated
antigen-1 (LFA-1), has an accessory role in lymphocyte homing to lymphoid
tissue. Antibodies against LFA-1 inhibit lymphocyte adhesion to HEV by 50 to
60V", but this is not tissue specific, and cells that lack LFA-1 adhere normally
to HEV (Hamann et al, 1ggga, pals et al, 1ggg, Berg et al, l ggg). The
interpretation of this finding is that LFA-1 cooperates with the lymphocyte
homing receptors in the adhesion to HEV, but that the latter receptors confer
tissue specificity.

The Êz integrin family has a much wider role in general immune functions
than the lymphocyte homing receptors, including participation in the
interactions of leucocytes with normal endothelíum. Adhesion between
leucocytes and other cells is a requirement of virtually every step during the
immune response. Some examples are: the leucocyte adhesion to endothelial
cells at sites of inflammation and in HEV; activation of T lymphocytes by
interaction with antigen-presenting cells; ¡nteractions between the regulatory
and effector T lymphocytes; help provided by T lymphocytes for B
lymphocytes; and the killing of target cells by cytotoxic T lymphocytes, natural
killer cells, neutrophils, and monocytes. Most of these interactions can be
fundamentally divided into two phases. The first is the antigen-specific
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recognition step (eg between the T cell receptor (TCR) and the MHC complex
on the antigen-presenting cell), and the second is non-antigen-specific
adhesion mediated by adhesion molecules on each of the cells, which
stabilises the interaction once specific recognition has occurred.

The interaction between cytotoxic T lymphocytes (CTL) and their targets
has been extensively studied (reviewed Martz,l ggT). lts specificity is
determined by the TCR and the target cell MHC, and antibodies against the
TCR or its associated CD3 complex will inhibit cytolysis. However, this
inhibition is not due to blockage of adhesion between the cells as they
continue to form conjugates in the presence of these antibodies (Spits et al,
1986). The TCR/MHC interaction is insufficient by itself to maintain apposition
between the cells (except in the case of some CTL clones), so stabilisation
depends on an ancillary non-antigen specific adhesion mechanism. Blocking
this adhesion inhibits conjugate formation, TCR/MHC interaction, and the
cytolysis. Nonspecific adhesion of the CTL to the¡r target celts precedes the
specific alloantigen recognition (Spits et al, 1996).

Macrophages frequently form weak, transient interactions with other cells,
but strong, prolonged adhesion only develops when activated macrophages
bind to specific target neoplastic cells (Somers et al, 1986). They postulated
that cells can non-specifically adhere to each other via adhesion motecules,
and if specific cell recognition follows, the etfector cell becomes activated
which in turn results in strengthening of the adhesion. The stabilisation of the
binding requires time and metabolic activity within the effector cell, and
appears to be due to increased avidity of the effector cell adhesion molecules
for their Iigands on the target cells. This could be due to increased cell surface
expression, clustering, and/or an alteration in their physical state that
increases their atfinity.

The adhesion molecules that mediate CTUtarget cell adhesion were
identified by screening for monoclonal antibodies that block CTl-mediated
killing. ln this way, lymphocyte function-associated antigen-1 (LFA-1)was
identified in mice (Davignon et al, 1gg1b) and then in humans (Sanchez-
Madrid et al, 1982). Two other molecules that stabilise intercellular adhesion
were also identified in the latter study. These molecules (LFA-Z, now referred
to as CDz, and LFA-3) are a receptor-ligand pair, and will be discussed later.
They are not structurally related to LFA-1.

subsequent studies have shown that antibodies against LFA-1 block
virtually every immune response that requires T lymphocyte adhesion
(Davignon et al, 1981a, Beatty et al, 1993, Hildreth et al, 19g3, Hildreth et al,
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1985, Krensky et al, 1983, springer et al, 1997, Mazerolles et al, l ggg). They
block CTl-mediated killing by preventing the Mg**-dependent adhesion rather
than the Ca**-dependent lethal hit delivery. They also inhibit naturat killer cell-
mediated and lymphokine-activated killer (LAK)-mediated cytotys¡s (Mentzer
et al, 1986b, Axberg et al, 1gAZ, Madz, 1997, Timonen et al, lggg).

Human LFA-1 is a heterodimer consisting of a 177 kD cr subunit
associated with the 95 kD Ê, chain (Sanchez-Madrid et at, 1982). The other p2

integrins, Mac-1 (or complement receptor type 3, cRg) and pl so,gs
(Sanchez-Madrid et al, 1983), have 165 and 150 kD a subunits respectively.
The Êz subunit has been designated CD18, and the o subunits of LFA-1, Mac-
1, and p150,95 designated cD11a, b, and c, respectively. The a subunits are
all encoded within a small area of chromosome 16, which defines a gene
cluster, whereas the B2 subunit is encoded on chromosome 21 (corbi et al,
1988a).

The cr and p chains have significant homology to other members of the
integrin superfamily (Hynes, 1gB7). The p2 chain is approximately 4svo
homologous to the chicken B1 subunit (Kishimoto et al, 19gza, Low et al,
1987). The LFA-1 q subunit has 36% homology with the Mac-1 and p1so,95 q
subunits, and 28"/" identity to other integrin a subunits (Larson et al, l ggg).

The Mac-1 cr subunit is G3% identical to the a subunit of p150,9 s, and 2s1o
identical to other integrin a subunits (Corbi et al, 1gBBb, Hickstein et al, lggg).
The Êz integrins are all dependent on divalent cations for thejr functions, and
the a subunits contain highly conserved divalent cation-binding sequences.

(2) LFA-1

LFA-1 is the only p2 integrin expressed by lymphocytes. lt is also found on
monocytes, neutrophils, large granular lymphocytes (which include natural
killer cells), eosinophils, basophils, and about so% of bone marrow cells
(Krensky et al, 1g8g, de Boer and Roos, 19g6). lt is not found on non-
haematopoietic cells, including endothel¡um (Mentzer et al, 19g6a).
Lymphocytes and neutrophils have no significant intracellular stores of LFA-1,
and its surface numbers do not change after stimulation with chemoattractants
(Anderson et al, 1987, Rothlein and springer, 19g6a, pichyangkul et al, 1ggs).
However, activated and memory T lymphocytes express increased LFA-1
(sanders et al, 1988a, Sanders et at, lgggb). ln contrast, monocytes rapidly
upregulate LFA-1 upon stimulation, but whether this comes from an
intracellular pool is unknown (Miller et al, 1gg7b).
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The a subunit has a polypeptide backbone of 149 kD and is synthesised
as a precursor of 165 kD by addition of N-linked carbohydrates, followed by
conversion to the mature form (Miller and Springer, 1997a).

ln experimental studies the functions of LFA-1 on neutrophils and
monocytes are best dissected out by the use of antibodies directed against the
q subunit, as anti-p2 antibodies also affect Mac-1 and p15o,gs. However,
antibodies against either subunit can be used with lymphocytes as they only
express LFA-1.

Antibodies against LFA-1 inhibit multiple T lymphocyte adhesion-
dependent functions. They also inhibit adhesion of other leucocytes, including
macrophage adhesion to tumour cell targets (Strassman et al, 1g86) and the
spontaneous and phorbol ester-stimulated homotypic adhesion of B
lymphocytes and B lymphoblastoid cells (Patarroyo et al, 1gg3b, patarroyo et
al, 1985, Mentzer et al, 1g8s, Rothlein and springer, 19g6a). The increased
adhesion after phorbol ester stimulation is due to conversion of the LFA-1 to a
high avidity state forits ligand (Dustin and Springer, lggg), which may be as a
result of a conformational change. This high avidity state is transient, peaks
after 5 to 10 minutes, and is followed by return to the original low avidity state
by 30 minutes to 2 hours. An antibody against a particular epitope on the c¡

chain also stimulates homotypic adhesion with similar kinetics as the phorbol
ester, again possibly by inducing a conformat¡onal change (Keizer et al,
1988). The activation of T lymphocytes through the TCR (by anti-TCR or anti-
CD3 antibodies) or through CDz, or of antigen-presenting cells through their
MHC class ll motecules, also stimulate homotypic adhesion via the same
prote¡n kinase C pathway as phobol esters (Dustin and Springer, 19g9, van
Kooyk et al, 1989, Mourad et al, 1990). Phorbol esters induce phosphorylation
of the p2 chain but have no effect on the s chain, which is constitutively
phosphorylated (as are cD11b and cD1 1c) (chatita and Geha, 199g, Buyon
et al, 1990). The phosphorylation may alter the interaction between the
cytoplasmic portion of the p subunit and the cytoskeleton, resulting in the
predicted conformational change. The increased adhesion induced by
phorbol esters is sensitive to cytochalasin B, which interferes with actin in the
cytoskeleton (Martz, 1 gB7).

These studies suggest that engagement of the TCR to the target MHc-
antigen complex triggers an adhesion amplification mechanism, which is
necessary to stabilise the conjugation formation. The message that increases
the avidity of LFA-1 is transmitted by intracellutar signalling pathways such as
via protein kinase C. The increased avidity is transient, which allows the cells
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to disengage once the appropriate interaction has been completed (eg
delivery of the "lethal hit" by cTL).

This cycle of adhesion and de-adhesion may operate in a similat way
during cellular migration through the extracellular matrix, and T lymphocyte
chemotaxis in response to lL-2 or lymphocyte chemotactic factor is inhibited by
anti-CD11a and anti-CD18 antibodies (van Epps et al, 1999).

There is also evidence that the engagement of LFA-1 with its ligand on the
target cell transmits signals to the LFA-1-bearing celt. Antibody to LFA-1
induces changes in murine B lymphocytes that mimics the activating effects of
B cell stimulatory factor-'l (BSF-1 , lL-4) (Mishra et al, 19g6). Another study
found that 5 out of 6 anti-CD18 antibodies inhibited T lymphocyte proliferation
induced by immobilísed anti-CD3 antibodies, whereas all 9 anti-CD11a
antibodies enhanced proliferation to varying degrees (van Noesel et al, l ggg).

Cross-linking LFA-1 on human T cell clones enhances anti-CD3-induced
calcium flux, lL-2 productíon, and cell proliferation (Wacholtz et al, l ggg).

Cross-linking with anti-CD1 1a antibodies by itsetf induces phosphoinos1ide
hydrolysis and a rise in intracellular calcium (Pardi et al, 19Bg). lmmobilised
antibodies against CD1 1a or CD18 on monocytes induce their expression of
cell-associated lL-1 without release of soluble lL-1 into the medium (Couturier
et al, 1990). Finally, the interaction between LFA-1 and its ligand (lcAM-1 -

see later) provides a potent costimulatory signal with immobilised anti-CD3
antibodies against resting T lymphocytes (van Seventer et al, 1990).

ln summary, it appears that activation of the cell increases adhesiveness
by altering LFA-1, and that interaction of LFA-1 with its ligand stimulates
intracellular signals that influence the cell's behaviour. This suggests the
possibility that engagement of adhesion molecules with their ligands (which
may be on other cells or part of the ECM) coutd generate signals that regulate
cell growth, function, and ditferentiation.

(3) Mac-1

The second member of the p2 integrin family was originally identified in

mice with the Mac-1 monoclonal antibody (springer et al, 1979). other
antibodies against this molecule include Mo1 (Todd et al, 1991, Todd et al,
1982) ,OKM1, and OKM10 (Wright et al, 1gg3). Antibodies against Mac-1
block the adhesion of myeloid cells to C3bi-coated particles (Beller et al,
1982), demonstrating that it is identical to the complement receptor for C3bi
(CRg). The Mac-1 extracellular sequence contains a domain of 187 amino
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acids (which is also found in p150,95) that is homologous to the A domains of
von Willebrand fac'tor, which in turn are homologous to regions of the C3-
binding proteins factors B and C2 (Corbi et al, 1988b). This region is absent
from other integrins and is a potential binding site for Cgbi. Mac-1 binds to a
region of C3bi that contains the RGD sequence, but a hexapeptide containing
RGD does not inhibit the interaction, suggesting that other residues contribute
to the binding (Wright et al, 1997).

Mac-1 is expressed by neutrophils, monocytes, macrophages, large
granular lymphocytes, eosinophils, and basophils, and mediates neutrophil
adhesion to endothelial cells and a variety of substrates (Anderson et al, 19g6,
Wallis et al, 1986). Adhesion functions of neutrophils are most inhibited by
anti-Mac-1 antibodies, followed by anti-p150,95 and anti-LFA-1 antibodies.
Antibodies against Mac-1 also inhibit neutrophil aggregation (Schwartz et al,
1985) and chemotaxis, phagocytosis by neutrophils and monocytes, and cell
lysis by neutroph¡ls, monocytes, eosinophils, and large granutar lymphocytes
(Kuypers and Roos, 1989). ln addition, the large release of hydrogen peroxide
by neutrophíls stimulated with TNF while they are adherent to ECM proteins is
also inhibited by antibodies against cDlg (Nathan et al, 19g9). The
differentiation of monocytes into tissue macrophages is accompanied by a
considerable decrease in Mac-1 expression (Hogg et al, 19g6).

Mac-1 is stored ín neutrophils and monocytes on the membranes of
intracellular peroxidase-negative granules, and rapidly mobilised to increase
surface expression after inflammatory stimuli (Todd et al, 1984, Miller et al,
1987b, Bainton et al, 1997, pichyangkul et al, l ggg). This increased
expression parallels but does not totally account for the increased
adhesiveness of the cells after stimulation. Mac-1 is activated by such stimuli
and it becomes more avid for its ligand, analogous to LFA-1 (philips et al,
1988, Vedder and Harlan, 1988a). The effect of phorbol esters is biphasic.
Stimulation for 10 minutes enhances receptor activity, but it decreases to
levels below resting cells after a further 60 minutes of stimulation (Wright et al,
1986a). This pattern of alteration does not correlate with the number of cell
surface receptors, but is consistent with qualitative changes in receptor
adhesiveness. The clustering of receptors that follows phobol ester
stimulation (Patarroyo et al, 1984) (but not FMLP) also may increase
adhesiveness (Detmers et al, 1988). That event is dependent on interaction of
the receptor with the cytoskeleton, and like LFA-1, may be related to the
phorbol ester-induced phosphorylation of the p2 subunit (Buyon et al, 19go).
Significantly, FMLP stimulates cellutar aggregation with different kinetics
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(rapid but transient) and does not induce phosphorylation. ln addition,
clustering of the ligand itself increases the avidity of macrophage and
neutrophil binding (Hermanowskí et al, 19gg).

The adhesion of Mac-1 to c3bi mediates neutrophil and monocyte
attachment to opsonised particles and may be involved in neutrophil adhesion
to endothelium at sites of inflammation and complement deposition (Marks et
al, 1989). However, the l¡gand for Mac-1 in neutrophil aggregation and
adherence to protein-coated plastic is different and unknown, and the site
involved on Mac-1 may be distinct from the C3bi-binding site (Dana et at,
1986, Corbi et al, 1988b). Other molecules can atso attach to Mac-1, inctuding
Leishmania gp63 (Russell and wright, 1ggg, Talamas-Rohana et al, 1 ggo),
lipopolysaccharide (wright and Jong, 19g6a), filamentous hemagglutinin of
Bordetella pertuss¡s (Relman et al, 1990), histoplasma capsulatum, fibrinogen,
and inactivated coagulation factor X (Kuypers and Roos, l ggg). one report
suggests that Mac-1 interacts with the carboxyl terminus of the y chain of
fibrinogen, which is also one site where fibrinogen interacts with platelet Gp
llb/llla (Wright et al, 1988). However, another study concluded that the Mac-1-
bindíng site on fibrinogen contained neither this portion of the y chain nor an
RGD sequence (Altieri et al, 1990).

The binding of Mac-1 to its ligand can cause aclivation of the Mac-1-
bearing cell (Kuypers and Roos, 1989), resulting in respiratory burst activity,
phagocytosis, enzyme release, and production of leukotriene B¿. lmmobilised
antibody against CD11b induces monocytes to express cell-associated lL-1
(couturier et al, 1gg0). These resutts suggest that Mac-1 can function as a
signal-transducing molecule, in a similar fashion to LFA-1 and other integrins.

(4) p1s0.e5

The third member of the p2 integrin family was originally identified as a
150 kD band in immunoprecipitation studies with an anti-CD1g antibody on
neutrophils (Sanchez-Madrid et al, 1983), but specific anti-CD11c antibodies
were later isolated (springer et al, 19g6). The neutrophil expression of
p150,95 is less than both Mac-1 and LFA-1 (Mac-1 is the predominant
receptor), but they are approx¡mately equal on monocytes. However, p150,g5
increases upon differentiation into macrophages while Mac-1 decreases
(Hogg et al, 1986, Myones et al, l ggg).

The other major population expressing p150,9s is large granutar
lymphocytes. lt is also a marker for hairy cell leukaemia and found on
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activated leukaemic B lymphocytes and some T cell clones (Miller et al, 19g6,
Schwarting et al, 1985).

P150,95 has C3bi binding activity on neutrophils and monocytes, and is
probably identical to complement receptor type 4 (cR4) (Frade et al, 1ggs,
Myones et al, 1988). As p150,gs is the major c3 receptor on tissue
macrophages, it may contribute most to their clearance of C3-opsonised
particles and immune complexes. Like Mac-1, it is stored on intracellular
vesicles and rapidly mobilised to the cell surface by chemotactic factors
(Springer et al, 1986). lt is unknown whether these stimulants also increase
the avidity of p150,95 for its ligand.

Antibodies against p150,95 have relatively little effect on neutroph¡l
function, possibly because of the much higher expression of Mac-1 (Anderson
et al, 1986). ln contrast, p150,95 makes a significant contribution to monocyte
functions (Myones et al, 1gg8, Te Velde et al, 1gg7), and is invotved in the
conjugate formation and cytotoxic activity of those CTL clones that express it
(Keizer et al, 1987).

The rare disease called leucocyte adhesion deficiency (LAD) is due to a
genetic defect in or absence of the p2 subunits. As a result, all three receptors
are ineffective or absent (reviewed Anderson et at, 1gg7). The degree of
deficiency is designated as severe (<0.3% of normal expression) and
moderate (5 to 1 0% of normal expression) (Springer et al, 1gg7), and patients
with severe deficiency rarely survive beyond childhood. They are susceptible
to recurrent life-threatening bacterial and fungal infections, and have
progressive periodontitis, delayed separation of the umbilical stump, poor
wound healing, lack of pus formation, and peripheral leucocytosis. Their
neutrophils, monocytes, and lymphocytes have marked defects in both in vivo
and in vitro adherence-dependent immune funciions.

Crowley et al (1980) suggested that the disease was due to a defect in
neutrophil adhesion, and demonstrated that the patient's neutrophils lacked a
particular cell surface protein. The monoclonal antibody 60.9, which
recognises an epitope on the P2 chain, does not bind to patients'celts (Beatty
et al, 1983, Beatty et al, 1984), and Mac-1 is the major protein deficient on the
neutrophils (Dana et al, 1gg4). lncubation of leucocytes from normal
volunteers wíth 60.3 produces functional abnormalities comparable to those of
the patients'cells.
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Five distinc't p2 subunit phenotypes have been defined in LAD patients
(Kishimoto et al, 1987b). They include low or absent mRNA and the formation
of mutant subunits that do not associate with the s subunits. Analysis of the
sequence of the p subunits from two LAD patients with normal sized chains
revealed different single amino acid substitutions in a regíon of the cDNA that
is highly conserved between all integrin B subunits (wardlaw et al, 1g9o).
These two amino acids are normally constant in all integrin p subunits, and
may lie in a site critical for correct association with the cr subunit. Transfection
of Epstein-Barr virus-transformed B lymphoblastoid cells from patients with
LAD with cDNA of the normal p2 subunit restores expression of the ap
heterodimer and full adhesion function of these cells (Hibbs et al, l ggo).

The features of this disease are mainly due to defects of neutrophil and
monocyte function, and lymphocyte function is relatively spared (Arnaout et al,
1984, Anderson et al, 1987). Delayed-type hypersensitivity reactions in the
skin are normal, as are alloantigen-induced cytolyt¡c T lymphocyte and natural
killer cell function. The small numbers of LFA-1 molecules expressed by the
patients' lymphocytes may be sufficient for normal function, or other pathways
of lymphocyte adhesion may compensate.

LAD can be cured by bone marrow transplantation, as the deficient
molecules are confined to leucocytes and their haematopoietic precursor cells
(Fischer et al, 1983). These l-AD patients were unable to mount an allogeneic
mixed lymphocyte response, and did not reject their grafts.

(6) Effects of antibodies against leucocyte adhesion molecules on
pathological processes

The successful engraftment of non-HLA identical bone marrow into LAD
patients suggested that LFA-1 may be important in graft rejection (Fischer et
al, 1983). The same group found that a monoclonal antibody against CD1 1a
dramatically improved the engraftment rate over historical controls of
mismatched haploidentical related donor bone marrow in 7 patients with
various immunodeficiencies (wiskott-Aldrich syndrome, combined
immunodeficiency, osteopetrosis) (Fischer et al, 1996). However, another
group have noted poor engraftment in patients with leukaemia who were
treated with an anti-CD18 antibody (Baume et al, 1g8g). These pat¡ents were
older and arguably more immunocompetent. ln murine models of allograft
rejection, anti-CD11a antibody prolonged the survival of allogeneic pgls



179

tumour gratts in A/J mice (Heagy et al, 1984), and decreased the rejection of T
lymphocyte-depleted allogeneic bone marrow (van Dijken et al, l ggo).

Murine graft-vs-host disease and delayed-type hypersensitivity responses
are inhibited by antibodies against LFA-1 (and against CD4) (Shiohara et at,
J.lmmunol. 1988), suggesting that LFA-1 is involved in the epidermal invasion
of T lymphocytes.

There is conflicting data on the role of LFA-1 in the metastatic potential of
lymphomas. Clayberger et al (1987b) found that high grade lymphomas lack
or express little LFA-1 by comparison with lower grade lymphomas, and that
low expression of LFA-1 correlates with poor stimulation of both autologous
and allogeneic T lymphocyte responses. They suggested that low LFA-1-
bearing tumours might not initiate an effective immune response and so
escape immune surveillance. Low levels of LFA-1 (as well as ICAM-1 and
LFA-3) also correlate with decreased immune recognition of Burkitt's
lymphoma cell lines (Gregory et al, 1ggg, Billaud et al, 1gg0). ln contrast,
antibody against LFA-1 inhibits the ¡nvasion of hepatocyte and fibroblast
cultures by lymphoma cells, and mutant cells which lack LFA-1 have reduced
invasiveness (Roos and Roossien, 1987, Roossien et al, 19g9). This suggests
that LFA-1 enhances the metastatic potential of these lymphoma cells.

The role of Mac-1 in vivo has been investigated in several models. The
intravenous infusion of an anti-CD18 antibody, at the time of placing polyvinyl
sponges containing Salmonella typhosa endotoxin subcutaneousty into
rabbits, inhibits in a dose-dependent manner the subsequent neutrophil
emigration into the sponges (Price et al, 1987). This is probably mainly due to
blockage of the Mac-1 on the neutrophits, as in vitro studies show that anti-
CD1 1b antibodies are the most effective inhibítors of neutrophil aggregation,
adhesion, and chemotaxis. The rabbits receiving the anti-CD1B antibody also
developed a peripheral neutrophilia, possibly due to decreased margination.
This neutrophilia has been observed in patients with [AD.

A number of studies have examined the effect of these antibodies on
diseases that are largely mediated by neutrophils. Antibody against CDlg
reduces the leucocyte infiltration, cerebrospinal fluid leucocytosis, and degree
of tissue damage in a rabbit model of experimental meningitis (Tuoman et al,
1989). In another study, anti-cD1B decreases organ injury and prolongs
survival in a rabbit model of haemorrhagic shock and resuscitation (Vedder et
al, 1988b). These results suggest that much of the ischaemic injury is
mediated by leucocytes, and occurs both during the ischaemic phase and
following reperfusion. The same antibody attenuates reperfusion injury in a
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rabb¡t ear model by inhibiting leucocyte adhesion (vedder et al, 1990). An
anti-CD11b monoclonal antibody decreases the pulmonary injury by activated
neutrophils in isolated perfused rat lungs (lsmail et al, 1987). lnfusion w1h
another anti-CD11b monoclonal antibody reduces the size of myocardial
infarction following induction of regional myocardial ischaemia in dogs
(Simpson et al, 1988). Neutrophil accumulation within the myocardium is

significantly reduced. The investigators attributed the myocardial sparing effect
of the antibody to a reductíon in the reperfusion injury.

ln summary, the most promising strategy from these studies is the use of
antibodies against CD11b or CD18 to reduce tissue damage that is mediated
by neutrophils.

The next cell-cell adhesion pathway to be discussed is that between CD2
on T lymphocytes and its ligand LFA-3, which is expressed by many cells.
cD4 and cDB also have some role in stabilising the adhesion of r
lymphocytes to cells expressing MHc class lr and class I molecules
respectively, but will not be discussed further.

The original study that isolated a monoclonal antibody against human
LFA-1 (Sanchez-Madrid et al, 1982) also found monoclonal antibodies
against two other cell surface molecules (that they called LFA-2 and LFA-B)
that inhib¡ted cytotoxic T lymphocyte-mediated killing. Antibodies against all
three molecules block cytolysis by preventing cell-target conjugate formation
(Krensky et al, 1984), and so they appear to ast as adhesion molecules. LFA-2
is now known as CD2, and is identical to the previously described sheep red
blood cell receptor on human T lymphocytes (Krensky et al, 19g3, Howard et
al, 1981, Kamoun et al, 1981).

cD2 is expressed by T lymphocytes, large granurar rymphocytes, and
thymocytes (Krensky et al, 1983, springer et al, 1gg7) and is one of the
earliest differentiation antigens to appear in T-lymphocyte ontogeny. lt ¡s a
glycoprotein with a molecular weight ol 47 to 5s kD that varies in size
according to different stages of activation and/or differentiation of the cells.
This heterogeneity is thought to be due to glycosylation differences.

Anti-CD2 antibodies inhibit CTl-mediated killing by binding to the CTL
rather that the target cell (Krensky et al, 1983). They also inhibit thymocyte
binding to thymic epithelial cells (Volger et al, 1987), natural killer (NK) cell
activity, rosetting of sheep red blood cells with human T lymphocytes, antigen-
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independent conjugation of thymocytes, T lymphoblasts, and crl to B
lymphoblastoid cells and K562 cells, and proliferation of peripheral blood
lymphocytes and T cell lines induced by phytohaemagglutinin and the MLC.
The inhibition of proliferation is accompanied by a failure of the T lymphocytes
to induce lL-2 mRNA, secrete lL-2, and express the lL-2 receptor (Springer et
al, 1987, Krensky et al, 1983). The inhibitory effects of anti-cD2 antibodies are
due to blocking of adhesion between the cells, and the LFA-1 and cD2
pathways each contr¡bute about half to the conjugat¡on between CTL and their
target cells, so that combinations of saturating amounts of anti-LFA-1 and anti-
cD2 antibodies completely block conjugation (shaw et al, 19g6, shaw and
Ginther Luce, 1987). Memory T lymphocytes express increased amounts of
CDz, suggesting that the adhesion of CD2 to its ligand is important for the
enhanced responsiveness of these cells (Sanders et al, 19gga, Sanders et al,
1s88b).

Three functionally important epitopes have been defined on the human
cD2 moleule. T111 and rllzepitopes are expressed on both resting and
activated r lymphocytes, whereas T1 1s (cD2R) is definitely present on
activated T cells but less clearly present on resting cells (Meuer et al, 1gg4,
Kabelitz, 1990). Sheep red blood cell rosetting is primarily mediated by the
T111 epitope.

Combinations of monoclonal antibodies against T112 and T113 epitopes
results in lL-2-dependent T cell proliferation (Meuer et al, 19g6). Thís
"alternative" pathway of T cell activation is distinct from the TCR-CD3 complex
"classical" pathway. Stimulation of CD2 also augments the submitogenic
activation of T lymphocytes via the TCR (Bierer et al, 1988a). Further evidence
that the cD2 and rcR/cD3 act¡vat¡on pathways of r lymphocytes are
interdependent is the demonstration that CD2 antigen can be specifically co-
precipitated with the TCR/CD3 complex (Brown et al, lg8g). The activation of
the T lymphocytes proceeds via hydrolysis of membrane phosphoinositides
which generates second messengers that mobilise intracellular calcium and
stimulate protein phosphorylation (Pantaleo et al, 1gB7). One of the effects of
triggering T lymphocytes through the CD2 molecule is the enhancement of
LFA-1-mediated cell adhesion. This results from an increase in the LFA-1
affinity for its ligand rather than an increase in the number of LFA-1 molecules
(van Kooyk et al, 1989). CD2 has a large cytoplasmic tail (126 amino acids)
which may be important in the delivery of these CD2-dependent activation
signals into the cetl (He et al, 19gB).
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The physiological relevance of these observations may be that the
binding of CD2 to its ligand on the target cell enhances both the activation of
the T lymphocyte as well as the adhesion between the cells.

The CD2 ligand is LFA-3, the other molecule identified by Sandez-Madrid
et al (1982). Like antibodies against cD2, anti-LFA-3 antibodies block
conjugate formation (Krensky et al, 1gg4), but antibodies against cD2 and
LFA-3 do not have additive effects, which suggested that they are involved in
the same adhesion pathway (shaw et al, 19g6). Antibodies against LFA-3
inhibit CD2-mediated functions by binding to the target cell rather than the
effector cell (Krensky et al, 1983). A number of studies have now shown that
LFA-3 binds specifically to cD2 (selvaraj et al, 1997a, Dustin et al, 19gza,
Takai et al, 1987), and that it is the human equivalent of the sheep red blood
cell receptor for cD2 (Makgoba et al, lggz , plunkett et al, 1gg7, Hunig et al,
1987). ln contrast to adhesion involving members of the integrin family,
cDzlLFA-3 adhesion is neither dependent on divalent cations nor
temperature sensitive (Shaw et al, 19g6).

LFA-3 is expressed by most ceil types, including leucocytes, platelets,
erythrocytes, endothelial cells, smooth muscle cells, and fibroblasts (Krensky
et al, 1983). lt has a molecular weight of 55 to 70 kD depending on the cell
type. The cDNA clone defines a mature protein oÍ 222 amino acids, with an
extracellular domain containing 6 N-linked glycosylation sites, a short
hydrophilic transmembrane region, and a short cytoplasmic domain (Wallner
et al, 1987). Both LFA-3 and CD2 are members of the immunoglobulin
supergene family (Williams and Barclay, 1988). An atternative form of LFA-3
is anchored to the cell membrane via a phosphatidyl inositol glycan moiety
(Dustin et al, 1987b). This may mediate the adhesive function of LFA-3 as it
probably has faster lateral mobility in the cell membrane, which would aid
diffusion of the LFA-3 molecules to sites of adhesion with celts expressing
CD2. Consistent with this finding, LFA-3 is deficient in erythrocytes from
pat¡ents with paroxysmal nocturnal haemoglobinuria, a disorder atfecting
phophatidyl inositol-linked prote¡ns (Selvaraj et al, 1997b).

The binding of LFA-S to CD2 provides a partial activation signal for the T
lymphocyte (Hunig et al, 1987, Bierer et al, 1gggb, webb et al, 1990) and
facilitates T lymphocyte antigen recognition function (Moingeon et al, 19g9).
This requires cell surface expression of a functional rcH/cDg complex
(Bockenstedt et al, 1988). The effect of LFA-3 on the CD2-expressing cell may
be both mediated by signals transduced by CD2, and by factors generated by
the LFA-3-bearing cell as a result of the CD2 binding. For example, anti-LFA-3
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antibodies induce monocytes to release TNF (webb et al, 1gg0) and thymic
epithelial cells and monocytes to release lL-1 (Le et al, 1990), and endothelial
cells augment T lymphocyte lL-2 production by a contact-dependent
mechanism that involves the CD2ILFA-3 interaction (Hughes et at, 19g0).

It is clear that the adhesion of both LFA-1 and cD2 to their ligands on cells
such as antigen-presenting cells does more than just "glue" the cells together.
lnteraction of LFA-1 with its ligand activates the T lymphocyte, which in turn
"cements" the bond by enhancing the avidity of LFA-1 for its ligand. The
binding of cÐ2 to LFA-3 stimulates the T lymphocyte direc¡y via cD2, and
indirectly by the release of factors by the APC as a result of LFA-3 stimutatíon.
It is possible that the CD2/LFA-3 interaction also stimulates the other "co-
stimulatory signals" (see section 2) that are necessary for complete antigen-
presenting funclion. The increased expression by memory T cells of LFA-1,
cD2 and also LFA-3 (sanders et al, 19sga) is therefore not surprising,
considering that these cells have enhanced abilities to respond to antigen.
They also exhibit increased adhesiveness in vitro (pitzalis et al, l ggg), which
may underly their preferential accumulation at sites of inflammation in
autoimmune disease (Sanders at al, l gggb).

The multiplicity of signars provided by adhesion molecules, plus the
ant¡gen-specific signal to the TCR from the MHO-ant¡gen complex and the
¡nteract¡on between cD4 or cDg molecules on the T cell and the MHc
molecules, represents an extremely complex set of interactions when T
lymphocytes encounter their targets. There is evidence from monoclonal
antibody blocking experiments that all of these pathways have some role in
the regulation of this event.

The rest of this literature review will cover the adhesion molecules
expressed by endothelial cells that are relevant to their adhesiveness for
leucocytes.

(1 ) Vascular addressins

HEV must express tissue-specific receptors for the lymphocyte homing
receptors to enable the lymphocytes to d¡stinguish between HEV in ditferent
sites. Monoclonal antibodies have been developed which recognise these
HEV-specific antigens, and they are called "vascular addressins", because
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they guide the lymphocytes to a particular site ("address") (Streeter et al,
1988a).

The monoclonal antíbodies MECA-89 and MECA-967 selectively bind to
HEV in murine mucosal lymphoid tissue, such as Peye/s patches (Streeter et
al, 1988a). MEOA-367 blocks the adhesion of lymphocytes to peyer's patch
HEV in the in vitro assay used by this group, and in vivo it inhibits the entry of
radiolabelled tranfused lymphocytes into mucosal lymphoid tissue. lt atso
partially blocks neutrophil adhesion to Peyefs patch HEV (Jutila et al, 19g9a).
MECA-89 binds to a distinct epitope on the same molecule but does not inhibit
adhesion. This "mucosal addressin" is a single-chain protein with a molecular
weight of 58 to 66 kD reduced and 54 to 62 kD non-reduced. lsoelectric
focussing shows that it has significant charge heterogeneity. purified antigen
inserted into supported phospholipid planar membranes binds lymphocytes
specifically, and only those lymphocytes or lymphoma cell lines capable of
binding to mucosal HEV adhere well (Nakache et al, 19g9). The lymphocyte
receptor for the mucosal addressin is probably CD44 (Hermes), as the
monoclonal antibodies Hermes-3 and MECA-367 specifically inhibit the
binding of purified CD44 antigen to purified mucosal addressin (Berg et al,
1e8s).

Another monoclonal antibody, named MEOA-79, binds strongly to HEV in
murine peripheral lymph nodes, and weakly to HEV in other sites (Streeter et
al, 1988b). lt blocks the adhesion of normal lymphocytes and a peripheral
lymph node-specific lymphoma to peripheral lymph node HEV in vitro, and
inhibits normal lymphocyte homing to peripheral lymph nodes in vivo. lt
paftially inhibits neutrophil adhesion to peripheral lymph node HEV (Jutila et
al, 1989a). ln humans, MECA-79 stains venules in cutaneous sites of chronic
inflammation (Jutila et al, 1989a). lt recognises a 92 kD single chain
glycoprotein, which is sensitive to N-glycanase digestion (Berg et al, lggg). lt
is possible that this antigen is the HEV receptor for the MEL-14 homing
receptor on lymphocytes, but this has not been proven.

The MECA-325 antibody defines an endothelial cell differentiation antigen
that is selectively expressed on high endothelium in the mouse (Duijvestijn et
al' 1987). The antigen appears on HEV-like vessels that develop in induced
subcutaneous granulomas and in sponge matrix allografts (Bishop et al,
1989), in parallel with the appearance of a mononuclear infiltrate which
includes numerous lymphocytes. lt is selectively induced on cultured murine
lung and bone marrow endothelium by ylF (Duijvestijn et al, 19g6). This is
further evidence that the development of HEV-like vessels in vivo is
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dependent on local factors such as cytokine release by infiltrating
mononuclear cells. No information is available on the structure of the MECA-
325 antigen, and the antibody has no effecl on lymphocyte adhesion to HEV.
This could be because the ant¡gen is only a marker of the HEV phenotype
rather than directly involved in lymphocyte adhesion, or that the antibody
binds to a non-functional epitope.

The MECA-32 antibody recognises an antigen that is not normally present
on murine cardiac endothelium, but is strongly expressed by the capillaries
and venules of rejecting cardiac allografts (Leppink et al, l ggg). These
vessels frequently have mononuclear cells adherent to the intima and
perivascular cuffs of mononuclear cells. lnduction of myocarditis in non-
transplanted hearts with cocksackie virus is also associated with MECA-32
expression in the vessels that are surrounded by a mononuclear infiltrate.
Hence, allorecognition and virus-induced inflammation, both of which are
associated with a mononuclear infiltrate, induce the MECA-32 antigen.
However, there is no direct evidence that it is involved in lymphocyte adhesion
and extravasation, and its structure is unknown.

The only monoclonal antibody that recognises a human HEV-specific
antigen is HECA-452 (Duijvestijn et al, 19gg). lt stains HEV in all tymphoid
organs and at sites of chronic inflammation, as wetl as cross-reacting with a
subset of monocytic cells. The antigen is inducible on cultured human
endothelial cells by ¡lF. HECA-452 has no effect on lymphocyte adhesion to
HEV, so it is unknown whether it defines an adhesion-related molecule or is
simply a marker for HEV. The antigen has a molecular weight of 1g0 to 240
kD, but no other structural information has been published (Duijvestijn and
Hamann, 1989).

While the vascular addressins are tissue andlor HEV specific, a number of
other endothelial adhesion molecules have been described that are more
widely distributed or appear following other types of activation.

(2) lntercellular adhesion motecule-1 (|CAM-1)

Epstein-Barr virus (EBV)-transformed B lymphocytes from LFA-1 -deficient
patients do not self-aggregate but can form conjugates with cells expressing
LFA-1, which implies that LFA-1 mediates adhesion by binding to a ligand
distinct from itself. Neither CD2 nor LFA-3 are ligands for LFA-1 (Shaw et al,
1986). A monoclonal antibody (RR1/1) which inhibits phorbol ester-stimulated
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aggregat¡on of LFA-1-posit¡ve cells was produced by immunisation with LFA-
1-deficient EBV-transformed lymphoblastoid cells (Rothlein et al, 19g6b). The
molecule recognised by the antibody was distinct from other adhesion
molecules and was named intercellular adhesion molecule-1 (ICAM-1). lt is
identical to the antigen expressed by activated B lymphocytes identified by the
monoclonal antibody LB-2 (Clark et al, 1986), and has now been designated
cD54.

The murine equivalent of human lcAM-1 is recognised by the rat
monoclonal antibody YN1/1.7, which inhibits the mixed lymphocyte response
(Takei, 1985). The gene for murine ICAM-1 has also been isotated, but the
sequence has limited homology (so%) to human lcAM-1 (Siu et al, 19g9,
Horley et al, 1989). However, murine cell lines still bind to purified human
LFA-1 through their ICAM-1, although murine LFA-1 does not bind to human
ICAM-1 (Johnston et al, 1990). The specificity of the LFA-1 between these two
species maps to its cr subunit.

The molecular weight of human ICAM-1 varies between cell types. lt is 97
kD on fibroblasts, il4 kD on uggT myelomonocyt¡c cells, and 90 kD on Jy B
lymphoblasto¡d cells (Dustin et ar, 1996). on cultured HUVEO it has a
molecular weight of 100 kD reduced and 96 kD non-reduced, which suggests
that it has intrachain disulphide bonds (staunton et at, 19gg). The
heterogeneity between cells is due to differences in glycosylation, and
treatment with tunicamycin (which removes N-glycosylated residues) leaves a
55 kD form (Dustin et al, 1986). This size is in close agreement with the
predicted size of the mature polypeptide chain from sequencing data
(Staunton et al, 1988). ICAM-1 is a typical integral membrane protein with a
453 amino acid extracellular sequence, a p4 residue hydrophilic
transmembrane sequence, and a 28 residue cytoplasmic domain. lt is initially
synthesised as a73 kD precursor, which is also in good agreement with the
predicted size if all I potential N-glycosylation sites are used. The mature
glycoprotein is then formed by conversíon of the high mannose N-linked
carbohydrate to complex cabohydrate, and the final form depends on cell
type.

The amino acid sequence of lcAM-1 contains five extracellular
immunoglobulin-like domains, which identifies it as a member of the
immunoglobulin superfamily (reviewed Williams and Barclay, 1g8g). lt has no
significant homology with members of the integrin family. ICAM-1 has the most
homology with two adhesion proteins of the adult nervous system, neural cell
adhesion molecule (NOAM) (20%) and myelin associated glycoprotein (MAG)
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(24"/"), both of which also have five immunoglobulin-like domains (Simmons
et al, 1988, Staunton et al, 1988, Dustin et al, 1g88a).

The immunoglobulin-like domain is a basic structural unit of about 100

amino acids based on the domains originally described in the V and C regions
of immunoglobulin heavy and light chains. lt is formed by a characteristic fold
that results in a sandwich of two p-pleated sheets stabilised by a conserved
disulphide bond. The two sheets consist of anti-parallel p-strands containing 5

to 10 amino acids. Structure based on this unit is the characteristic of
members of the immunoglobulin superfamily. These molecules generally have
a role in cell surface recognition and are often involved in cetl-cell adhesion. lt
is commonly accepted that they derived by gene duplication and divergance
from one primordial domain. The family is large and new members are
regularly being found. They include the following molecules: TCR complex,
CD3 complex, MHC class I and class ll, p2-microglobulin, CD1, CDZ, LFA-3,

cD4, cD8, Thy-1, poly lg receptor, carcinoembryonic antigen, platelet-derived
growth factor (PDGF) receptor, and colony stimulating factor-1, plus ICAM-1,
NCAM, and MAG.

The anti-ICAM-1 antibody RR1/1 inhibited phorbol ester-stimulated LFA-1-
dependent adhesion of B lymphocyte and myeloid cell lines and T lymphocyte
blasts, although the aggregation of one T lymphocyte line (sKW-3) was
inhibited by anti-LFA-1 but not by anti-ICAM-1 (Rothlein et al, 1gBOb). These
observations suggested that ICAM-1 is the ligand for LFA-1 in most, but not all,
LFA-1-dependent interactions. This was proven by the specific adhesion of
LFA-1-positive B, T, and myeloid cells to purified ICAM-1 incorporated into

artificial supported lipid membranes (Marlin and Springer, 1987) and coated
onto plastic (Makgoba et al, 1988a), and to ICAM-1-expressing L-cell
transfectants (Wawryk et al, 1989). These interac.tions require metabotic
energy production, an intact cytoskeleton, the presence of Mg**, and are
temperature dependent, which is typical of the adhesion of integrins to their
ligands. The adhesion is not inhibited by RGD-containing peptides (Marlin and
springer, 1987), and the primary sequence of ICAM-1 does not contain the
RGD tripeptide. The recognition of LFA-1 and ICAM-1 as a ligand pair was the
first example of interaction between members of the integrin and
immunoglobulin families.

Antibodies against ICAM-1 inhibit LFA-1-dependent adhesion by binding
to lcAM-1 on the target cell (Makgoba et al, 1988b). tcAM-1-dependent
interactions include aggregation of leucocytes and leucocyte cell lines, the
mixed lymphocyte reaction (MLR), autologous míxed lymphocyte reaction, T
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lymphocyte-mediated B lymphocyte activation, lymphocyte activation by
mitogens, T lymphocyte proliferation in response to soluble antigen, natural
killer (NK) cell function, and lymphokine-activated killer (LAK) cell-mediated
cytotoxicity, all of which require cell-cell adhesion (Rothlein et at, 1gg6b,
Timonen et al, 1988, Dougherty et al, 1ggg, wawryk et at, 19g9, Boyd et al,
1988, Maio et al, 1989, Bagnasco et al, l ggo). ln contrast, the non-adhesion-
dependent activation of lymphocyte blasts by purified cytokines is not affected
by antibodies against lcAM-1 (Boyd et al, l ggg). There is evidence that
different sites on ICAM-1 mediate some of its functions (Maio et al, l ggg).

The expression of ICAM-1 is essential for the complete functioning of
antigen-present¡ng cells (Altmann et al, 1gg9), and reconstitution by
transfection of ICAM-1 into mutant antigen presenting cells that constitutively
lack ICAM-1 fully restores their ability to present antigen (Dang et al, 19go).
The interaction of ICAM-1 with LFA-1 transmits regutatory signals to the T
lymphocyte (van Noesel et al, 1gBB, van seventer et al, 1990). These signals
are synergistic with the activation induced by the binding of the MHÇiantigen
complex to the TCR/CD3 complex. However, while LFA-1 becomes more avid
after cell activation, ICAM-1 is constitutively avid for LFA-1 and this does not
undergo further regulatíon (Dustin and Springer, l ggg). There has been no
published evidence that engagement of ICAM-1 by LFA-1 directly results in
any changes in the ICAM-1-bearing cell. The level of expression of ICAM-1 by
cells is under the control of c¡okines secreted by activated mononuclear cells,
providing extra potential ligands for the more avid LFA-1.

ICAM-1 expression is increased by inflammatory stimuli and is a marker of
cellular activation. Peripheral blood leucocytes, fibroblasts, and cultured
HUVEC express it in low amounts, whereas it is found in greater density on
mitogen-ac{ivated T lymphocytes, EBV-transformed B lymphocytes (especially
those that spontaneously aggregate), and on some T lymphocytic and
myelomonocytic cell lines (Rothlein et al, 1g86b, Dustin et al, 1996, wawryk et
al, 1989). The constitutive expression of ICAM-1 on cultured HUVEC is
inhibited by lL-4 (Thornhill et al, 1990). ICAM-1 is absent from normal foetal
and adult brain, but is significantly expressed on cultured human gliobtastoma
cells and on ¡ntratumoural vascular endothel¡al cells (Kuppner et al, 1990). lt is
significantly upregulated in the following situations: activation of peripheral
blood leucocytes; stimulation of fibroblasts and human carcinoma ceil lines
with lL-1, TNF, or T-lF; stimulation of cultured HUVEC with lL-1, TNF, LT, Ï-lF,
or LPS (also inhibited by lL-4 [Thornhill et al, 1990]);stimutation of cultured
glioblastoma cells with lL-1, TNF, and y-lF; and phorbol ester-induced
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differentiation of myelomonocytic cell lines (Rothlein et al, 1ggg, Dustin et al,
1986, warwyk et al, 1989, pober et al, 19g6c, Kuppner et al, 1ggo, pober et al,
1987). The increased expression of ICAM-1 depends on mRNA and protein
synthesis, and persists while the stimulus continues, but is reversible upon its
removal.

ICAM-1 is normally expressed in tissue sect¡ons on vascular endothelium,
tissue macrophages, germinal centre dendritic celts, and thymic and mucosal
epithelial cells (Dustin et al, 1986). lt is increased at sites of inflammation,
including rheumatoid synovium and inftammatory skin disorders (Hale et al,
1989a, Wantzin et al, 1ggg, Griffiths et al, 1ggg, usby et al, lggg). studies to
be described in this thesis show the upregulation of ICAM-1 in rejecting renal
allografts. This increased expression suggests that ICAM-1 regulates the
adherence of leucocytes during inflammation and immune responses, and it is
probable that it is caused by cytokines released by the infíltrating ac{ivated
leucocytes.

The role of ICAM-1 in inflammation has been studied in detail in the skin.
ln the normal human skin, it is confined to the dermal vascular endothelium in
low amounts. In a variety of skin disorders the endothelial expression
increases and lcAM-1 atso appears on the epidermal keratinocytes, in
associatíon with focal infiltrates of inflammatory cells (Wantzin et al, 19gg,
Griffiths et al, 1989, Lisby et al, 1989). A parallel increase in the expression of
HLA class ll molecules also occurs.

Keratinocytes in culture normally express little or no ICAM-1, but it is
readily induced by ¡lF and to a lesser extent by TNF (Griffiths et al, 1ggg,
Dustin et al, 1988b). T lymphoblasts will only adhere to keratinocytes after they
have been stimulated, and this is inhibited by antibodies against LFA-1 or
rcAM-1.

lntracutaneous injection of y-lF into baboon skin is followed by increased
endothelial MHC class ll expression and a mild to moderate accumulation of
mononuclear cells (Munro et al, 1989). TNF alone induces ELAM-1 (see later)
and ICAM-1 plus a mononuclear cell infiltrate. When both are injected, the
keratinocytes are also induced to express lcAM-1 and the histological
changes resemble a delayed-type hypersensitivity reaction. Similar results are
obtained with ¡lF and lL-1 injected into rat skin (lssekutz et al, 19gg).

These studies show that cytokines can generate and amplify a
mononuclear infiltrate in the skin. However, the st¡mulus that initially activates
the T lymphocytes and so commences the response is unknown in most
inflammatory skin diseases. lt is likely that Apcs bearing the presumed
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causat¡ve antigen activate the appropriate helper T lymphocytes, which in turn
produce cytokines and stimulate their production by other cells. The initiating
APC may be the endothelial cells as only they normally express MHC class ll
antigens and ICAM-1, both of which seem to be necessary for etficient antigen
presentation. lnterstitial dendritic cells are traditionally regarded as the chief
APCs in the skin, but they do not normally express ICAM-1 (Griffiths et al,
1989). Once the inflammatory cascade has been initiated, endothelial cells,
dendritic cells, and keratinocytes all express MHC class ll and ICAM-1, and so
all may actively participate in the immune response. ylF is probably the most
important cytokine in the initiation and maintenance of this process (Nickoloff
1s88).

Another skin disease involving lcAM-1 is malignant melanoma. The
melanoma progression-associated antigen P3.58 is identical to lcAM-1
(Johnson et al, 1988) and is found on advanced melanomas but not on benígn
melanocytes or early melanomas. lt correlates with increased risk of
metastasis as well as the local presence of activated leucocytes that are
producing y-lF (Johnson et al, 1989), and probably represents a marker of the
patient's immune response to the malignant cells.

Although antibodies against ICAM-1 inhibit muttiple immune functions,
there have been few published studies of their therapeutic use in inflammatory
diseases. They inhibit neutrophil migration into phorbol ester-induced
inflamed rabbit lungs (Barton et al, 1989), and attenuate ainryay eosinophilia
and hyperresponsiveness in a primate model of asthma (Wegner et al, l ggo).
ln this study, ICAM-1 expression was upregulated on the inftamed airway
epithelium in vitro and in vivo. Antibody against human ICAM-1 cross-reacts
with monkey ICAM-1, and delayed the onset of acute cellular rejection and
reversed established acute rejec{ion in primate renat allografts (Cosimi et al,
1990). Notably there was an almost complete lack of vascular rejection. The
investigators hypothesised that the beneficial effects of the antibody were due
to it blocking the adhesion of host effector cells to the endothelium in the
allogratt, although it may also interfere with antigen presentation or other T
lymphocyte interactions.

lcAM-1 is also a cell surface ligand for two important pathogens, the
Rhinoviruses and Plasmodium falciparum.

Rhinoviruses are a major cause of the common cold. About 90% of
Rhinovirus serotypes bind to ICAM-1 on the target cell, and also bind to ICAM-
1 transfecled into cos cells (staunton et al, 1ggga, Greve et al, l ggg). This
adhesion is specifically inhibited only by anti-ICAM-1 antibodies which atso



19t

block LFA-1-dependent adhes¡on, which implies that the site for rhinovirus
adhesion is in close proximity to the binding site for LFA-1. Site specific
mutagenesis and truncation of the ICAM-1 molecule have shown that the
binding sites are distinct but overlapping, and that rhinovirus binding does not
require divalent cations (Marlin et al, 1990, staunton et al, lggo).

The extracellular port¡on of ICAM-1 has been constructed and purified. lt
specifically inhibits the adhesion of rhinovirus to the target cell, and is being
actively investigated as a potential therapy for the common cold (Marlin et al,
1990, Bangham and McMichael, l gg0).

lcAM-1 is homologous to the cell surface receptors for human
immunodeficiency virus (which is CD4) and poliovirus (Mendelsohn et at,
1989, White and Littman, 1989). All three receptors have the conserved amino
acids and domain structure characteristic of the immunoglobulin superfamily.

Plasmodium falciparum-infected red blood cells adhere to the
endothelium of small blood vessels in a process called sequestration, and so
avoid removal by the spleen. This event may also contribute to the
complícations and mortality of severe mataria, particularly by obstructing the
cerebral capillaries.

Three receptors on the endothel¡um for these infected erythrocytes have
been identified. They are thrombospondin (Roberts et al, 1gg5), cD36 (also
known as platelet glycoprotein lv) (Barnwell et at, 1gg5, ockenhouse et al,
1989, Oquendo et al, l ggg), and lcAM-1 (Berendt et al, l ggg). cD36 is atso
the cell membrane receptor for thrombospondin (Asch et al, 19g7). The
relative roles of each receptor in the adhesion of infected erythrocytes to the
endothelium in clinical malaria are uncertain, but ICAM-1 may be particularly
important where cytokines are produced (eg where there are mononuclear
cell infiltrates), as this will increase its expression on the endothelium (Miller,
1e8s).

(3) Selectins

The selectins are another family of cell surface molecules that are
involved in intercellular adhesion. Two members are the lymphocyte homing
receptors MEL-1 4 and l-AM-1, which have been discussed in the section on
HEV and lymphocyte recirculation. The other two members are expressed by
endothelial cells and will be discussed in this section. They both resemble
ICAM-1 in that they are involved in adhesion and also signify endothelial
activation.
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The selectins are distinguished by their unusual and charasteristic
chimeric structure composed of an amino-terminal lectin-like domain, followed
by an epidermal growth factor-like domain, and then a series of tandem
repetitive motifs which are related to the complement regulatory proteins. The
name "selectins' refers to their lectin domain and their role in selective cell
trafficking (Tedder et al, 1990). They have no homology to the integrin or
immunoglobulin families, and do not possess RGD recognition sequences.
The genes encoding the selectins are clustered together on mouse and
human chromosome 1, suggesting that they arose by multiple gene

duplication events before the evolutionary divergance of mouse and humans
(Watson et al, 1990).

Endothelial leucocyte adhesion molecule-1 (ELAM-1 )

Neutrophils, monocytes, and myeloid cell lines exhibit increased
adherence to lL-1-stimulated cultured HUVEC (Bevilacqua et al, 1985a). This
is mediated by an inducible endothelial adhesion molecule that was named
ELAM-1 following its identification by the monoclonal antibody H4/18 (Pober
et al, 1986b). EI-AM-1 is confined to endothelial cells, but only appears on
cultured HUVEC after stimulation with lL-1, TNF, LT, LpS, and phorbol esters
(transiently) (Pober et al, 1986b, Pober et al, 1987, Bevilacqua et al, 1gB7). lt
is not upregulated by y-lF (unlike lcAM-1) (pober et al, 1996b), but ylF does
enhance and prolong the expression of ELAM-1 once it has been induced by
these other factors (Leeuwenberg et al, 1990). The induction of ELAM-1 is
inhibited by lL-4 (Thornhill et al, 1990).

Peak expression of E|-AM-1 occurs atler 4 to 6 hours of stimulation, and is
dependent on mRNA and protein synthesis. lt declines to near basal levels
atler 24 hours even in the presence of continued stimulation, which is in
contrast to ICAM-1. The cells can be re-stimulated to express ELAM-1 if rested
lor 20 hours, and HUVEC that are refractory to lL-1 stimulation can be induced
to express it by TNF, and vice versa, suggesting that lL-1 and TNF act
independently on the HUVEC.

Antibodies against ELAM-1 immunoprecipitate two biosynthetically
labelled polypeptides (100 kD and 120 kD) from stimurated HUVEO.
Treatment of the immunoprecipitates with N-glycosidase F to remove N-linked
carbohydrates yields a single 78 kD band (Bevilacqua et al, 1989), so it
appears that the two bands are the result of glycosylation differences. The
predicted sequence of ELAM-1 from the cDNA contains a s2 amino acid
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cytoplasmic domain, a 22 amino acid transmembrane portion, and a 53s
residue extracellular domain with 11 potential N-linked glycosylation sites
(Bevilacqua et al, 1989).

The kinetics of expression of ELAM-1 corretates with the cytokine-induced
increased adhesiveness for leucocytes, and antibodies against ELAM-1
partially inhibit adhesion of neutrophils and the myelomonocytic cell line HL6O
to stimulated HUVEC (Bevilacqua et al, 1987). They have a lesser effect on
the adhesion of monocytes and lymphocytes (Bevilacqua et al, 1gg9). The
early but transient expression of ELAM-1 is consistent with the migration of
neutrophils into acute inflammatory lesions, whereas the more prolonged
upregulation of ICAM-1 after stimulation suggests a role for it in lymphocyte
and monocyte extravasation into chronic inflammatory lesions. COS cells
expressing ELAM-1 bind HL60 by a c¿**-dependent but temperature
insensitive process that is not inhibited by simple carbohydrate structures
(Hession et al, 1990). Like MEL-14, the ligand for ELAM-1 is unknown. lt is
most likely to be a complex carbohydrate ¡f the adhesion depends on the
amino-terminal lectin-like structure. Anti-p2 integrin antibodies have no effect
on the binding of neutrophils or HL60 to COS cells that express ELAM-1, so
the leucocyte structure that binds to EI-AM-1 is not a member of the p2 integrin
family.

The transience of ELAM-1 expression makes it a useful marker of acute
inflammatory reactions. lt is present in acute dermatological conditions but
disappears after several days in delayed-type hypersensitivity reactions, and
is not found in chronic inflammatory conditions (Cotran et al, 1996, pober,

1988). ln contrast, the elevated expression of HLA class ll antigens and ICAM-
1 tends to persist in chronic inflammation. lntracutaneous injection of TNF into
baboon skin induces an early (2 hours) expression of ELAM-1 accompanied
by a neutrophil infiltrate, whereas ICAM-1 increases later (9 hours) associated
with a progressive mononuclear cell infiltrate (Munro et al, l g8g). Cultured
newborn foreskins stimulated with cytokines transienily express ELAM-1,
predominantly on the postcapillary venular endothelial cells of the superficial
vascular plexus, which is the area of the skin most involved in leucocyte and
lymphocyte trafficking (Messadi et al, 1987). Degranulation of mast cells in
skin organ cultures by morphine sulphate induces ELAM-1 on the adjacent
vessels within 2 hours (Klein et al, 1989). This is blocked by preincubation
with chromolyn sodium (an inhibitor of mast cell secretion) or antiserum to
TNF. ELAM-1 appears on cultured glomerular endothelium atter stimutation
with lL-1 or LPS, but disappears by 24 hours (Hancock and Cotran, 19g7).
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This transient expression of ELAM-1 may explain why it has not been
found in many disorders. lt is not present on the endothelium of normal tissues
(cotran et al, 1986), and renal biosies taken from patients with various
glomerular diseases show minimal focal expression (Hancock and Cotran,
1987). ln a study of a number of pathological tissues, ELAM-1 was found on
the endothelium of a lymph node from a patient with angioimmunobtastic
lymphadenopathy with developing T cell lymphoma (Cotran et al, 1996). The
staining was most prominent on the hyperplastic venules characteristic of this
disease. lt was also found in Hodgkin's disease (again on hyperplastic
vessels), acute granulomatous lymphadenitis, lymphocyte-rich thyroiditis,
hyperplastic tonsillitis, acute appendicitis, and active inftammatory dermatitis. lt
was absent in B cell lymphoma, dermatopathic lymphadenitis, chronic sarcoid
granuloma, renal allograft rejection, foreign body granuloma, chronic
pneumonitis, viral hepatitis, and around burn wounds.

A number of patients receiving lL-2 immunotherapy for metastatic cancer
develop a vascular leak syndrome. The endothelium in biopsies from their
skin expresses large amounts of ELAM-1, ICAM-1, and HLA class ll (Cotran et
al, 1987). The activation and "leakiness" of the endothelium probably
develops as a result of cytokines produced by cells stimulated by the lL-2, as
lL-2 itself does not upregulate these antigens on cultured endothelial cells in
vitro.

Granule membrane protein-1 40 (GMP-1 40)

Neutrophils rapidly (within minutes) adhere to the endothelium after injury.
This is not accounted for by ELAM-1 or ICAM-1 as their expression on

stimulated HUVEC requires new protein synthesis and takes severat hours.
However, neutroph¡ls rapidly adhere to cultured HUVEO stimulated by
thrombin (Zimmerman et al, 1985). The adhesion is independent of the CD18
molecules on the neutrophils (Zimmerman and Mclntyre, lggg), and is
mediated by GMP-140 on the endothelial cells (Geng et al, 1990). GMp-140
(also known as platelet activation-dependent granule to external membrane
protein IPADGEM]) is localised in the Weibel-Palade bodies of the endothetiat
cells, along with von willebrand factor (McEver et al, 1g8g, Bonfanti et al,
1989), but is rapidly translocated to the cell surface following stimulation with
histamine, thrombin, or phorbol esters. lt was originally described as a protein
found on the membranes of the a-granules of human platelets that was rapidly
expressed on the cell surface following activation (McEver and Martin, 1gB4).
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GMP-140 is also found in megakaryocytes and the HEL cell line (Johnston et
al, 1989a).

Tunicamycin-treated HEL cells synthesise severat B0 to 92 kD precursors
of GMP-140, suggesting that there is heterogeneity of the prote¡n sequence
(Johnston et al, 1989a). lsolated cDNA either encodes a complete membrane
spanning protein or a soluble form with a deleted transmembrane segment
(Johnston et al, 1g8gb). The predicted primary sequence has the
characteristic set of domains found in other members of the selectin family,
and 12 potential N-linked glycosylation sites.

Platelet GMP-140 is responsible for the adhesion of activated platelets to
neutrophils and monocytes (Larsen et al, 1999, Hamburger et al, 1990). This
may be to facilitate the clearance of these thrombogenic cells.

Endothelial cell GMP-140 probably exists for rapid neutrophíl adherence
at sites of injury, followed by more susta¡ned ELAM-1-induced adherence if
the appropriate signals are present. The predicted soluble form of GMp-140
could have a regulatory function by binding to neutrophils and blocking the
ligand for the membrane-bound GMp-140. In one study, soluble GMp-140
inhibited the CD18-dependent adherence of TNF-activated neutrophils to
cultured HUVEC (Gamble et al, 1990).

Adhesion mediated by GMP-140 is divalent cation-dependent. The ligand
is unknown, but it is l¡kely to be a carbohydrate structure that binds to the
lectin-like domain.
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4.2: Studies of leucocyte adhesion to cultured HUVEC

The literature review at the commencement of this section dealt with many
aspects of the adhesion molecules that are important for leucocyte adhesion
to the endothelium. The next part focusses on the work involved in setting up
an assay for quantifying leucocyte adhesion to cultured HUVEC. The initial
work standardising the assay was performed with human peripheral blood
neutrophils and related cell lines, and this is presented with a literature review
of relevant studies using these cells. The bulk of the work involved human
peripheral blood T lymphocytes and related cell lines, as these are the cells
more directly relevant to allograft rejection, and this is also presented
accompanied by a review of studies performed by other groups.

Several different assays have been developed to quantify the adhesion of
leucocytes to monolayers of cultured endothelial cells, but they all basically
rely on incubating the cells together for a defined period, and then removing
the non-adherent leucocytes by a variety of washing procedures. The assay
conditions can be modified to examine different aspects of the adhesion
process. For example, the leucocytes and/or the endothelial cells may be
stimulated, the composition of the medium altered, or antibodies introduced to
attempt to inhibit the adhesion. More sophisticated techniques are necessary
to examine adhesion under flow conditions, but this is arguably a more
physiological situation.

The static adhesion assay used in this thesis is based on the quantitative
assay for intercellular adhesion devised by Walther et al (1973). Various
modifications of this method have been used by other investigators, including
manual counting of the adherent cells, labelling the cells with stOhromium (or
other radioactive label), and removal of the non-adherent cells by invefted
centrifugation (Hoover et al, 1978, Zweiman et al, 1gg2, charo et al, 1gg5).
The last modification was used in this project because preliminary studies for
this thesis showed that it reduces variability in the removal of the non-adherent
cells.

Two interesting variations of the basic assay have also been developed.
The leucocytes can be labelled with a monoclonal antibody/peroxidase
conjugate and the adherent cells measured by a simple ELIsA (Keizer
et al, 1986). Alternatively, the leucocytes and cultured HUVEC are labelled
with the vital stain Rose Bengal in the well after the adhesion step. The
adherent cells are quantified by an ELISA readout after release of the dye
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by cell lysis, and subtracting the readout from that obtained in wells containing
HUVEC alone (Gamble and Vadas, 1988a).

4.2 (1) Adhesion of neutrophils and HL60 cells to cultured HUVEC

Neutrophils were purified from the peripheral blood of normal donors for
use in the adhesion assay. Approximately 5% of the unstimulated neutrophils
added to a well remain adherent to unstimulated HUVEC. Under the same
assay conditions, less than 1% of unstimulated HL6o ceils adhere to
unstimulated HUVEC (see graphs page 221).

A rapid (within minutes) increase in adhesion of neutrophils and HL60
occurs if they are st¡mulated with PMA. A plateau of 50 to 80% of the added
neutrophils adhered to the HUVEC at a concentration of 30 ng/ml of pMA, but
the maximum number of HLGO cells remaining adherent was 3 lo 4yo
(graphs page 221).

Unstimulated neutrophils also adhere in greater numbers to cultured
HUVEC which have been stimulated with LPS. ln contrast to the increased
adhesion seen with PMA stimulation of the neutrophils, this increase is slower
in onset (detectable at about t hour), and peaks after about 3 to 4 hours of
stimulation. A maximum of 50 to 60/" of the added neutrophils adhered to the
stimulated HUVEC at a concentration of LPS of 100 ng/ml. After prolonged
stimulation of the HUVEC with LPS (24 hours), there is a significant drop-off in
the adhesion of neutrophils to aboul 35V", but this remains above the basal
level of adhesion to unstimulated HUVEC (graph page 222).

Unstimulated HL60 cells exhibit a similar pattern of adhesion to LpS-
st¡mulated HUVEC. An increase in adhesion is detectable after t hour of
stimulation, and this peaks after 3 to 4 hours at about 40Y" of the added cells
with a concentration of LPS of 100 ng/ml. A detectable increase in adhesion
occurs with as little as 0.5 ng/ml of LPS. There is again a decrease in
adhesion after 24 hours of stimulation, but in contrast to neutrophils, the
number of HL60 cells remaining adherent has almost returned to the basal
level (graph page 222).lL-1 stimulation of HUVEC also results in an increase
in adhesion of unstimulated HL6O, detectable with 0.1 units/ml of lL-1.
Approximately 3ol" of the added HL60 remain adherent to HUVEC stimulated
with 5 units/ml of lL-1 (not shown).
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Discussion

These experiments show that neutrophils and the related cell line HL6O
have a low basal adhesion to cultured HUVEC, which is consistent with the
non-adherent state of unstimulated endothelium in vivo. The basis of this low
basal adhesion is unclear from the studies that have investigated it with
blocking antibodies. One possibility is that it is mediated at least partly by
members of the p2 integrin family. Buchanan et al (19g2) found that
unstimulated neutrophils from a pat¡ent with LAD had normal interactions with
unstimulated endothelial monolayers, and Harlan et al (1gBSb) could detect
no difference between neutrophils from normal donors, patients with LAD, and
normal neutrophils coated with anti-CD18 antibody, provided the adhesion
assay was performed in serum-free medium.

ln contrast, another study has shown that neutrophils from a patient with
LAD had lower basal adhesion to HUVEC than neutrophils from a normal
subject (Dobrina et al, 1989), and two further studies demonstrated that
antibodies against CD18 and ICAM-1 significantly decreased the basal
adhesion of normal neutrophils (Smith et al, 1gBB, Lawrence et at, l ggo).

These results suggest that p2 integrins on the neutrophils make some
contribution to the adhesion of unstimulated neutrophils to unstimulated
HUVEC.

A variety of substances act direc{ly on neutrophils to increase their
adhesion to cultured endothelial cells, including the phorbol esters used in
this thesis. The other substances include formyr methionyl-leucyl-
phenylalanine (FMLP), the calcium ionophore Az31g7, Csa,leukotriene 84
(LTe¿), platelet activating factor (PAF), TNF, and leucocyte inhibitory factor
(LlF) (zimmerman and Mclntyre, 1988, Tonnesen et al, 1994, Tonnesen et al,
1989, Dobrina et al, 1989, Prieto et al, 1gBB, schainberg et al, 1ggg, Gamble
et al, 1985, Lo et al, 1989, Harlan et al, l g8sb). The increased adhesion of
stimulated neutroph¡ls is mediated by p2 integrins, based on evidence from a
variety of studies. The increase is blocked by antibodies directed against
cD18, neutrophils from patients lacking cDlB (ie with severe l-AD) do not
become more adherent after stimulation (prieto et al, 1ggg, Dobrina et al,
1989, Tonnesen et al, 1989, Zimmerman and Mclntyre, 1ggg, Harlan et al,
1985b, Diener et al, 1985), and antibodies against CD18 inhibit stimulated
neutroph¡l adherence in vivo (Arfors et al, 1gB7).

LFA-1 and Mac-1 make approximately equal contributions to this
increased adhesive capacity of stimulated neutrophils, but p15O,g5 does not
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significantly contribute (Lo et al, 1999). ln that particular study, antibody
against ICAM-1 blocked the LFA-1-dependent component of the increased
adhesion but had no etfect on the Mac-1-dependent component, which
suggests that lcAM-1 is a ligand for LFA-1 on neutrophils but not Mac-1.
However, other studies are not in complete agreement with these findings.
Prieto et al (Í 988) found that only antibodies against Mac-1 inhib1ed pMA-

stimulated neutrophil adhesion to HUVEC. ln two other studies (Smith et al,
1988, Smith et al, 1989), antibodies against LFA-1 and Mac-1 each inhibited
FMLP-stimulated adhesion of neutrophils to cultured HUVEO, and the
increased adhesion was completely blocked by antibody against lcAM-1.
Mac-1 also mediated the adhesion of FMLP-stimulated neutrophils to purified
lcAM-1 monolayers, suggesting that lcAM-1 is a rigand for Mac-1.

Stimulation of the neutrophils increases their surface expression of p2

integrins, but this increase is not the cause of the augmented adhesion
(Vedder and Harlan, 1988a). lt appears to be accounted for by the extra avidity
of LFA-1 and Mac-1 fortheir ligands after stimulation (see section 4.1).

HL60 only express low levels of CD18 molecules (Tonnesen et al, 1gB9),
which is consístent with the low basal adhesion and the little increase in
adhesion after PMA-stimulation that was observed here. The study of
Tonneson et al also found only a small increase in HL60 adhesion after FMLp
or LTs. stimulation.

Monocytes were not studied in this thesis, but other investigators have
shown that they have a higher basal adhesion to unstimulated cultured
HUVEO than other leucocytes (Prieto et al, 1ggg, pawlowski et al, lggs).
However, there is some disagreement about the mechanisms of monocyte
adherence. Te Velde et al (1987) concluded that only antibodies against
p150,95 inhibited monocyte adhesion to HUVEC, whereas Mentzer et al
(1987) found that only anti-LFA-1 ant¡bodies were inhibitory. Each group used
different antibodies and methods which may exptain some of the
disagreement. Two other studies found that antibodies against CDl g inhibited
monocyte adherence, but did not dissect it further with specific cr subunit
antibodies (Prieto et al, 1988, wallis et al, lggs). The former study failed to
show any increase in monocyte adherence after phorbol ester stimulation,
whereas the latter documented a CD18-dependent increase under the same
conditíons.

Basophils adhere well to cultured HUVEC, and this is increased by the
same stimulants that affect neutrophils (Bochner et al, 1g8g). The basal and
stimulated adhesion are both inhibited by antibody against cD1g.
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The stimulated íncrease in adhesion of eosinophils is also inhibited by
antibodies against CD18 without affecting their basal adhesion (Kimani et al,
1988, Lamas et al, 1988).

ln summary, these leucocytes spontaneously adhere to cultured HUVEC
in varying amounts by a mechanism that is partly CD18-dependent. A number
of substances increase this adhesion by acting on the adhering cell, and this
increase depends on CD18 molecules, probably due to greater avidity rather
than more receptors.

The studies in this thesis show that stimulating the HUVEC with LpS also
increases neutrophil and HL60 cell adhesion, but the response time and
kinetics are quite distinct from the increased adhesion resulting from directly
stimulating the adhering cells. A number of studies by other investigators have
examined the mechanisms of increased leucocyte adhesion following
endothelial cell stimulation.

Four distínct mechanisms have been described to explain increased
adhesiveness of stímulated endothelial cells for neutrophils. The first is that
mediated by GMP-140 (see section 4.1). The second is less well defined and
is dependent on the synthesis of plate¡et-activating factor (pAF) by the
endothelial cells (Mclntyre et al, 1986, Lewis et al, 1988, Breviario et al, l ggg).

These two pathways result in a rapid (minutes) increase in adhesion and do
not require de novo protein synthesis. The third (CD18-dependent) and fourth
(EI-AM-1-dependent) pathways require new protein synthesis and take
several hours for full effec{. lnfecting endothel¡al cells with viruses atso
increases neutrophil adherence, but the molecular mechanisms are uncertain
(MacGregor et al, 1980, Kirkpatrick et al, l gg5).

¡L-1, TNF, LT, and LPS stimulate cultured endothelial cells to become
more adhesive for neutrophils, monocytes, basophils, eosinophils, HL60, and
u937 cells (Bevilacqua et al, 19BSa, Bevilacqua et al, 1ggsb, pohlman et al,
1986, Broudy et al, 1987a, schleimer and Rutledge, 19g6, Thomas et al,
1988, Dunn and Fleming, 1984, Gamble et ar, 19g5, Bochner et al, 1ggg,
Lamas et al, 1988). lL-1 and TNF stimulation also increases the adhesion of
certa¡n tumour cell lines (Dejana et al, 1988c). Schleímer and Ruiledge (1986)
found that phorbol esters promoted neutrophil adhesion by an effect on the
endothelial cells, but that it did not require protein synthesis. This is a little
surprising, as phobol esters stimulate the de novo expression of ELAM-1.

The time course of the increased adhesion of neutrophils and HL60 cells
to LPS-stimulated cultured HUVEC that were found in the studies in this thesis
are consistent with the results in other studies, and reflect the requirement for



20r

de novo prote¡n synthesis. The decrease in adhesion of neutrophils and HL60
cells after more prolonged stimutation is presumably due to the diminished
expression of ELAM-1 by the HUVEC. As HL60 express only low levels of B2
integríns, their adhesion falls off after 24 hours to barely above their basal
adhesion because they can make little if any use of the ICAM-1 that remains
upregulated on the LPS-stimulated HUVEC. ln contrast, neutrophils have
decreased but still significantly more than basal adhesion after prolonged
stimulation of the HUVEO. This suggests that the tcAM-1 on the HUVEC
makes a significant contribution to their adhesion, by interacting w1h
neutrophil p2 integrin molecules.

The relative contributions of the cDl g and E|-AM-1 pathways to
neutrophil adhesion to cytokine-stimulated HUVEC has been examined in
several studies. Smith et al (1988) showed that either anti-CD1B antibodies on
the neutrophils or anti-ICAM-1 antibodies on the HUVEC inhibited the
adhesion of unstimulated neutrophils to lL-1-stimulated HUVEC by about
50o/o, and that they did not have an addítive etfecl. ln a later study (Smith et al,
1989), the same group showed that the CD18 effect was due to CD1 1a and
not CD1 1b. This is contradicled in another study (Luscinskas et al, 19g9)
showing that both CD1 1a and CD1 1b contribute to the the CDl B-dependent
port¡on of the adhesion after 4 hours of stimulation. Antibodies against ELAM-
t had an additional inhibitory effect on adhesion at this time, but after 24 hours
when E1-AM-1 expression was markedly decreased, they had no etfect. After
24 hours of stimulation, cD18-dependent adhesion predominated and
included a contribution from cD11c. These findings are essentially in
agreement with those of Pohlman et al (1986) and Dobrina et al (19g9). The
latter also found that neutrophils from a patient with LAD were able to adhere
to stimulated HUVEC by a cDlg-independent mechanism, presumably to
ELAM-1 . The anti-inflammatory compound 3-deazoadenosine (Jurgensen et
al' 1990) prevents TNF-induced increased HUVEC adhesion for neutrophils
and also inhibits the upregulation of lcAM-1. Although E|.-AM-1 was not
examined, it is probable that its upregulation is also blocked.

Neutrophil adhesion to activated endothelium in vivo is followed by
transendothel¡al migration into the extravascular tissues. Techniques have
been developed to study neutrophil adhesion to endothelial cell monolayers
under flow conditions, followed by migration through the monolayer. Lawrence
et al (1990) demonstrated that neither cDl g nor lcAM-1 significantly
contribute to neutrophil adhesion to lL-1-stimulated HUVEC under shear
stress conditions, but that antibodies to cD18 and lcAM-1 each inhibit the
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transendothelial migration of neutrophils that follows the adhes¡ve step. They
concluded that neutrophil adhesion to stimulated HUVEO is cDlg-
independent (and possibty mediated by ELAM-1), but that cDl g is an
important mediator of transendothelial migration. This would explain why
neutrophils from patients with LAD can adhere to st¡mutated cultured HUVEC,
but are unabie to migrate into the tissues in vivo. The transendothelial
migration of neutrophils is also CD18- and ICAM-1-dependent in static assays
(Smith et al, 1988). The passage of neutrophils through the endothelial
monolayer does not automatically follow after adhesion, as only lL-1- or TNF-
stimulated HUVEO allow it to occur (Moses et al, lggg). They proposed that
the process be divided into an initial anchoring step (which is probably mainly
ELAM-1-dependent), followed by an active neutrophil migration (which is
CD1 8- and ICAM-1 -dependent).

The in vivo implication of these findings is that only activated endothelium
will allow both neutrophil adhesion and transendothelial migration. The
activation is the result of cytokines that are produced by the infi¡rating
inflammatory cells. Chemoattractants for neutrophils by themselves will
stimulate adhesion, but extravasation will not follow unless the endothelium is
also activated. TNF uníquely has the dual properties of activating neutrophils
and the endothel¡al cells, and may have a crucial role in neutrophil
extravasation at sites of acute inflammation.

Mechanisms also exist to decrease neutrophil adhesion to endothelium.
Transforming growth factor-p (TGF-p) inhibits basal neutrophil adhesion and
decreases the adhesive response of endothelial cells to TNF (Gamble and
Vadas 1988b). This only occurs with early passage endothelial cells which
suggests the possibility that it is due to an effect on contaminating leucoc¡es.
Lymphokine-containing preparations suppress the adhesion of pgls
mastocytoma or Ehrlich ascites cells to endothelium (Cohen et al, 19g5). This
effect was attributed to tumour migration inhibition factor (TMIF). cultured
HUVEO stimulated with cytokines or Lps also produce an inhibitor of
leucocyte adhesion which acts specifically on neutrophils or monocytes
(Wheeler et al, 1988). This inhibitor has been identified as interleukin-8,
predominantly an extended amino-terminal variant (Gimbrone et al, l ggg).
Purified lL-8 also protecls the endothelial monolayers from neutrophil-
mediated damage.

Thus, even in the midst of proinflammatory and proadhesive stimuli, there
exists cytokine-mediated mechanisms for decreasing leucocyte adhesion that
may exeft ¡mportant controls at sites of inflammation.
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4.2 (2) Adhesion of T lymphocytes and lymphoid cell línes to cultured HUVEC

T lymphocytes to be used for studying adhesion to cultured HUVEC were
isolated from the peripheral blood of normal donors. The basal adhesion of T
lymphocytes to cultured HUVEC varied between assays lrom 2.5Y" to 10% of
the total cells added, depending on the cell donor and the batch of HUVEC.
The T lymphocytic cell line Jurkat and the EBV-transformed B lymphocyte line
Mann were chosen to compare their adhesion characteristics with T
lymphocytes. only 1 lo 2To of Jurkat cells but 30 to z0% (varying between
assays) of Mann cells adhere to unstimulated HUVEO (graphs page 229).

The marked disparity in the basal adhesion of these two cell lines was
investigated by measuring their expression of LFA-1, LFA-3, and lcAM-1 by
flow cytometric analysis (see page 224). They both express moderate and
comparable levels of LFA-3 and ICAM-1, but Jurkat cells have very low basal
expression of LFA-1 compared to a moderately high expression by Mann
cells. The LFA-1 on the Mann cells is the major determinant of their high basal
adhesion, as an antibody against LFA-1 (TS1l22) inhibits it almost completely
(> 90%). An antibody against ICAM-1 on the HUVEC inhibits Mann cell basal
adhesion by about 40% (graph page 225).

Jurkat and Mann cells also have different homotypic aggregation
characteristics, which reflect their contrasting expressions of LFA-1. ln assays
that were assessed visually, Jurkat cells have little or no spontaneous
aggregation in culture, whereas Mann cells, which normally form large
aggregates in culture, re-aggregate within t hour of manual dispersal. This
re-aggregation is mostly (approximately 75To) inhibited by the Ts1/zz
antibody against LFA-1, mildly (approximately 25%) inhibited by antibody
against ICAM-1 (OE2.1B,4 - see later), and unaffec{ed by anti-CD2 (TS2/18) or
anti-LFA-3 (TS2/9) antibodies. After PMA (25 ng/ml) is added to the cultures,
Mann cells aggregate into larger groups within t hour. ln the presence of
antibody against LFA-1, they remain as single cells, and antibody against
ICAM-1 inhibits the aggregation by about 5O%. PMA has no comparable rapid
effect on Jurkat cells, but after 24 hours of PMA stimulation they have
aggregated strongly. This late aggregat¡on is unaffected by antibodies against
LFA-1 , ICAM-1 , CDz, or LFA-3.

A rapid (minutes) increase in adhesion to HUVEC occurs if T lymphocytes,
Jurkat cells or Mann cells are stimulated with PMA (graphs page 223). At a
concentration of 30 ng/ml of PMA, 5 to 10 times as many T lymphocytes (30 to
4oY" of added cells) and 3 to 5 times as many Jurkat cells adhere to the
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unstimulated HUVEC compared to basal adhesion. However, there is only a
slight (25%) increase in the adhesion of Mann cells (above their high basat
adhesion) after PMA stimulation.

A clear increase in the adhesion of both T lymphocytes and Jurkat cells
occurs after lL-1 or LPS stimulation of the HUVEC. lt is detectable within 2
hours of stimulation and peaks at about 4 hours, but decreases after 24 hours
of stimulation (by 50"/"tor T lymphocytes and by 30o/o for Jurkat cells). An
increase in adhesion is detectable at a concentration of lL-1 of 1 uniVml and of
LPS of 0.5 ngiml. The effect is still increasing at 5 units/ml of tL-1, and plateaus
at 500 to 1000 ng/ml of LPS. The etfects of concentrations of LPS ranging from
0.5 to 50 ng/ml are shown on the graphs on page 230. The maximal adhesion
of T lymphocytes after LPS stimulation is 2 to 4 times the basal adhesion (10
lo 2OT" of cells). The response of Jurkat cells to LPS stimulation of the HUVEC
is more dramatic, and 20 to 30 t¡mes the number of basally adherent cells (30
lo 40%) remain adherent. Mann cells, which have much higher basal
adherence, only exhibit a marginal increase of adhesion to aboutTO% when
the HUVEC are stimulated with LPS. Typical results for each cell type after
stimulation of the HUVEC with a set concentration of LpS (l oOngiml) are
shown on the graphs on page 226.

Discussion

The adhesion character¡st¡cs of these three cell types varies considerably
in these studies. The T lymphocytes have intermediate basal adhesion, in

between Jurkat cells (low) and Mann cells (high). This suggests that there is a
hierarchy of number andlor activation of adhesion molecules on these cells,
and shows that Mann cells intrinsically have the most adhesive phenotype.
Mann cells are also the only cells that spontaneously form aggregates in

culture, which is inhibited by antibody against LFA-1.

Cavender et al (1988) examined the adhesiveness of subpopulations of T
lymphocytes, and found that the cells that adhered well to unstimulated
HUVEO had larger volumes and expressed more LFA-1 and Mac-1, which
suggests that they have a more "activated" phenotype. The baseline adhesion
of r lymphocytes is inhibited by anti-cD1g and anti-cD1 1a antibodies
(Mentzer et al, 1986a, Haskard et al, 1986b). Extrapolating from this, it could
be deduced that Jurkat cells might express fewer or less avid Êz integrins and
that Mann cells express more to explain their relative adhes¡on to HUVEC.
The greater expression of LFA-1 by Mann cells is confirmed by the flow
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cytometric analysis described above, and is a consistent feature of other
lymphoblastoid cell lines which spontaneously aggregate (Billaud et al, 1990).
The increased expression of LFA-1 appears to be determined by the presence
of a latent infection membrane prote¡n (LMP) encoded by the Epstein-Barr
virus genome (Wang et al, 1988). The correlation between LFA-1 expression
and cellular adhesiveness suggests that the number of integrin molecules on
the surface of a cell is an important determinant of the its adhesive phenotype.
This does not preclude a contribution to a cell's baseline adhesion
characteristics by variations in the avidity of its adhesion receptors.

The rapid increase in T lymphocyte adhesion to HUVEC observed here
after phorbol ester stimulation has been well documented in other studies
(Haskard et al, 1986a). The stud¡es in this thesis also show that PMA uncovers
a significant potent¡al for increased adhesion by Jurkat cells, which is probably
due to a similar mechanism as for T lymphocytes. ln contrast, Mann cells show
little increase in adhesion after PMA stimulation, which may mean that the
large number of LFA-1 molecules that they express are already in a highly
avid state or conformation.

Phorbol esters also stimulate the homotypic aggregation of lymphocytes
(Patarroyo et al, 1983a). This is dependent on the clustering and/or increased
avidity of LFA-1 (Patarroyo et al, 1983b), as there is no increased expression
of LFA-1 on phorbol ester-stimulated T lymphoc¡es (Haskard et al, 1gg6b).
Phorbol ester-stimulated adhesion of r lymphocytes to HUVEC is also
CD18/CD1 1a-dependent (Haskard et al, 1986b).

There are several pathways that mediate the binding of T lymphocytes to
activated HUVEC, comparable to the situation with neutrophils. One example
is the rapid increase in adhesion that occurs after thrombin (Saegusa et al,
1988) or LTsa (Renkonen et al, 1988) stimulation of the HUVEO, which
suggests that GMP-140 (or a similar molecule) can support early lymphocyte
adhesion. A rapíd adhesion pathway dependent on pAF has atso been
described (Renkonen et al, 1989a).

Another example is the stimulation of HUVEC with 7-lF, which increases T
lymphocyte adhesion without affecting neutrophil adhesion (Yu et al, 1985,
Hendriks et al, 1989). This increase is detectable after 4 hours of stimulation
and maximal after 24lo 48 hours. One study found that it is inhibited by
antibodíes against HLA-DR (Masuyama et al, 1986).

The increased adhesion of T lymphocytes to HUVEC stimulated with lL-1
or LPS in the studies described in this thesis is comparable to that found in

other studies (including the increase following TNF stimulation) (Cavender et
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al, 1986, Cavender et al, 1987a, Yu et al, 1986). Cultured dermal
microvascular endothelial cells also behave like cultured HUVEC in T
lymphocyte adhesion studies (Haskard et al, 1987). The increase peaks after
several hours, depends on active metabolism and does not occur at 4oC, and
requires new protein synthesis (Cavender et al, 1987a). Antibodies against
CD18 and CD1 1a only weakly inhibit the adhesion of T lymphocytes to lL-1-,
TNF-, or LPS-stimulated HUVEO (Haskard et al, 1996b), suggesting that the
CD18/CD11a pathway makes little contribution to adhesion to cytokine-
stimulated HUVEC. Lymphoblastoid cells from a patient with l-AD adhered
well to stimulated HUVEC, which also shows that a cDlg-independent
pathway is the more important mediator of this interaclion (Haskard et al,
1989). The same cells, which express less than 1Ol" oÍ the normal level of
CD18, did not significantly change their adhesiveness atter phorbol ester
stimulation.

ln the studies described in this thesis, Jurkat cells have very low basal
adherence (because they express little LFA-1), but have makedly increased
adherence to LPS-stimulated HUVEC, which suggests that this increase is
largely CD18-independent. ln that particular respect, Jukat cells behave like
the lymphoblastoid cells from patients with LAD. However, they do express
sufficient amounts of LFA-1 to respond significantly to phorbol ester
stimulation. ln contrast, Mann cells have a high level of CDl g-dependent

adhesion and exhibit little change in their adhesiveness after LPS-stímulation
of the HUVEC, suggesting that the CD18-independent pathway of adhesion is
less important for these cells.

T lymphocyte and Jurkat cell adhesion decreases after prolonged (24
hours) LPS-stimulation of the HUVEC (not studied in Mann cells). Another
group has shown that the lL-1- and rNF-induced adhesiveness of
T lymphocytes also drops off atter prolonged stimulation (Cavender et al,
1987b). The most likely explanation for this decrease is because ELAM-1
in¡t¡ally makes some contribution to their adhesion to stimulated HUVEC
(Bevilacqua et al, 1989, Graber et at, 1990). The ELAM-1 effect falls away with
continued stimulation, but other pathway(s) of adhesion remain to sustain
adhesion significantly above the basal level.

Antibodies against CD18 and CD11a significantly inhibit the subsequent
transmigration of T lymphocytes that occurs following their adhesion to lL-1-
stimulated HUVEC monolayers, even though they have little etfect on the
initial adhesion (similar to neutrophils) (van Epps et al, l ggg).



207

The conclusion from the observations described in this section is that
while ELAM-1 and CD18/CD1 1a separately make some contr¡bution to T
lymphocyte adhesion to cytokine-stimulated HUVEC, another mechanism
must exist to account for the remaining adhesion that is observed when these
two pathways are excluded. lt appears that cytokine-stimulated HUVEC mainly
support T lyrnphocyte adhesion by a CD18/ELAM-1-independent pathway, but
that subsequent emigration of the cells is dependent on CD18. ln allogratt
rejection, where the endothelium is bathed in cytokines released by infiltrating
mononuclear cells, this predicted additional adhesion mechanism is likely to
have considerable significance in the adhesion and extravasation of T
lymphocytes.
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4.3 Production and characterisation of a murine monoclonal antibody against
tcAM-1

A strategy was adopted to attempt to develop monoclonal antibodies
against HUVEC cell surface molecules that are expressed exclusively or in
greater amounts after stimulation by cytokines. The major intention of this work
was to develop a monoclonal antibody that is directed against the principal
receptor for T lymphocytes expressed by cytokine-stimulated HUVEC (see
above).

BALB/c mice were immunised with HUVEC that had been stimulated w¡th
either LPS (1000 ng/ml) (two fusions) or recombinant tL-1 (s units/mt) (1

fusion) for 4 hours. Antibody screening was performed by cellular ELTSA
against unstimulated and cytokine-stimulated HUVEC. lt was ant¡cipated that
an antibody against ELAM-1 would only be positive on stimulated HUVEC,
whereas one against ICAM-1 would be weakly positive on unstimulated and
more strongly on stimulated HUVEC. Antibodies against other endothelial cell
"activation molecules" could show either pattern.

Only one supernatant out of the three fusions contained antibody that
reacted more strongly with stimulated HUVEC. The particular hybridoma
(OE2.184) was subcloned three times and the antigen recognised by the
antibody characterised in deta¡1. The antibody is of the lgGz" subclass.
lmmune ascites was produced as described in the Materials and Methods
section, and diluted for use in subsequent experiments.

ln a cellular ELISA, QE2.184 binds moderately well to unstimutated
HUVEC, but clearly more to both lL-1- and LPS-stimulated HUVEC. There is a
trend to greater binding with increasing concentration of LpS (graph page
227). The fact that it binds to unstimulated cells excludes the possibility that ¡t

recognises ELAM-1.

It has not been possible to immunoprecipitate the antigen recognised by
QE2.184 despite repeated attempts, so there was no structural information to
aid its identification. This suggests that the epitope it recognises is destroyed
during the immunoprecipitation procedure.

The distribution of the QE2.184 antigen in the human kídney was
examined by indirect immunoperoxidase staining of sections of normal kidney.
The antibody strongly sta¡ns the glomerular and intertubular capillaries in the
normal human kidney, and weakly stains the intima of arterioles and venules
and the parietal epithelial cells lining Bowman's capsule (photograph page
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227). This is identical to the staining obtained with a known antibody against
lcAM-1 (WEHI-CAM-1 ; Boyd et al, 1998).

This information strongly suggests that QE2.184 recognises an epitope on
ICAM-1. This was confirmed by its specific recognition of a stable L-cell
transfectant that expresses high levels of human ICAM-1 (performed in Dr.
Andrew Boyd's laboratory, walter and Eliza Hall lnstitute, Melbourne).

A series of experiments were then performed to determine whether
QE2.184 binds to a functional determinant on ICAM-1.

QE2.184 and wEHt-cAM-1 both cause mild to moderate (25 to so%)
inhibition of the spontaneous aggregation of Mann cells (assessed visually),
but neither have a clearcut effect on PMA-induced aggregation of r
lymphocytes. The anti-LFA-1 antibody TS1l22 completely inhibits both forms
of aggregation.

The two antibodies against ICAM-1 inhibit the two-way mixed lymphocyte
culture (MLC) by 60 to 85%, and the effect of QE2.184 was concentration
dependent. This inhibition approaches but does not reach that of the anti-HLA
class ll antibody RMs.1 12 (at least g0% inhibition). The results of a typicat
experiment are shown on the graph on page Z2B.

QE2.184 also inhibits the mixed lymphocyte-endothelial reaction (MLER)
by 40 to 50%, which is comparable to the inhib¡tion with TS1l22 or RMS.112
(see graph page 228).
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4.4: Studies using the monoclonal antibody QE2.184 to analyse T lymphocyte
adhesion to cultured HUVEC

It is concluded from the experiments described above that QE2.184
recognises a functional epitope on ICAM-1. The antibody was then used in a
series of adhesion assays to study the role of ICAM-1 in the adhesion of T
lymphocytes to cultured HUVEC. The concentration of antibody used in these
experiments was ascites diluted 1 in 250, which was shown to be a saturating
concentration in preliminary experiments.

The low basal adhesion of r lymphocytes to HUVEC is ínhibited by

Ts1/22 by at leaslT0o/o, whereas QE2.184 inhibits it by about g0% (graph
page 229).

The PMA-stimulated increase in adhesion of r lymphocytes is also
inhibited by both antibodies, but TS1 /22 has a greater effect. At a low

concentration of PMA (0.5 ng/ml), TS1 122 almost completely prevents the
increase in adhesion, whereas QE2.184 inhibits it by about 3s%. At higher
concentrations of PMA the TS1/22 inhibition is partially overcome, but it
continues to be significantly greater than the inhibition obtained with QE2.184
(graph page 229).

The effects of QE2.184 and TS1l22 on the adhesion of T lymphocytes to
LPS-stimulated HUVEC depends on the concentration of LPS. The assays
were routinely performed following 4 hours of stimulation with the LPS. At a
low concentration (0.5 ng/ml) of LPS, both antibodies almost completely inhibit
the increased adhesion of T lymphocytes to the stimulated HUVEC. However,
as the concentration of LPS increases, the inhibitory effects of both antibodies
decrease, and at 50 ng/ml, neither antibody has any influence on the
increased adhesion (graphs page 230).

Discussion

The persistent difference between the inhib¡tory effects of TS1l22 and
QE2.184 on unstimulated and stimulated r lymphocyte adhesion to
unstimulated HUVEC suggests that an alternative ligand for LFA-1 exists on
HUVEC. This would also explain the different effects of the two antibodies on
cell aggregat¡on.

The possibility of an alternative ligand for LFA-1 was first suggested when
an antibody against LFA-1 but not lcAM-1 inhibited aggregation of the T
lymphocyte cell line sKW-3 (Rothlein et al, 1986b). Dustin and springer
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(1988c) concluded that peripheral blood lymphocyte and r lymphobtast
(prepared by concanavalin A stimulation) adhesion to unstimulated HUVEC
was partly dependent on LFA-1 but completely independent of lcAM-1,
suggesting that the LFA-1-dependent portion relied on an alternative ligand
on the HUVEO. They also found that an LFA-1-independent component
accounted for some of the adhesion of these cells to the HUVEC. This
component does not depend on CD2 or LFA-3 as a number of studies have
shown that neither molecule plays a role in T lymphocyte adhesion to HUVEC
(Haskard et al, 1986b, Mentzer et al, 19g6a, Dustin and springer, 19ggc).

There have not been any repofts of an antibody that blocks the lcAM-1-
independent portion of the LFA-1-dependent pathway. However, an
alternative ligand for LFA-1 has been directly cloned and named intercellular
adhesion molecule-2 (ICAM-?) (Staunton et al, 1989b). ln these experiments,
COS cells were transfected with cDNA from endothelial cells, and those
expressing ICAM-2 were isolated by adherence of the transfected COS cells
to LFA-1-coated Petri dishes in the presence of monoclonal antibody against
rcAM-1.

ICAM-2 is an integral membrane prote¡n with two immunoglobulin-like
domains, and so is a member of the immunoglobulin superfamily. lt is most
closely related to the two most amino-terminal domains of ICAM-1 (g4%
identity). lts mRNA has high basal expression in endothelial cells without
being further induced by LPS, and is also found in a wide variety of cells
including Ramos and BBN B lymphobrastoid celts, u937, and sKW-3 T
lymphoblastoid cells. ICAM-2 is a strong candidate as an alternative ligand for
LFA-1, but this has not been proven due to the inability to produce anti-lç AM-z
antibod¡es. This suggests that access to the ICAM-2 on the cell surface is
somehow blocked, preventíng antibody formation, or that the ICAM-2 itself is
poorly immunogenic.

Some general conclusions can be made from these studies about the
mechanisms of r lymphocyte adhesion to unsl¡mulated HUVEC. Basal
adhesion is largely mediated by LFA-1 on the T lymphocyte, interacting with
lcAM-1 and another ligand, probably rcAM-2, on the HUVEo. The possibility
remains that another adhesion pathway(s) accounts for the remaining portion
of the basal adhesion. The increase in adhesion atter phorbol ester
stimulation of the T lymphocytes is also mainly LFA-1-dependent (some
studies suggest completely) and relies on lcAM-1 and possibly lcAM-2 on the
HUVEC.
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The studies described in this thesis show that stimulating HUVEC with low
concentrations of LPS increases adhesion of T lymphoc¡es by a largely LFA-
1- and ICAM-1-dependent pathway. However, at higher concentrations of
LPS, the increased adhesion is independent of both LFA-1 and lcAM-1, and
probably relies on an alternative receptor expressed by the stimulated
HUVEC. This is in general agreement with the studies of Dustin and Springer
(1988c), except that this group found that there was a LFA-1-dependent
component (divided into ICAM-1-dependent and -independent portions) to the
adhesion of peripheral blood lymphocytes (which include a significant
proportion of B lymphocytes) to HUVEC stimulated with high concentrations of
lL-1, TNF, or LPS. They also found that T lymphoblast adhesion to TNF-
stimulated HUVEC was completely independent of LFA-1.This is a particulary
important finding as th¡s combination of cells is arguably the most relevant to
inflammation in vivo. T lymphoblasts from a patient with LAD (with less than
1"/" ol the normal expression of LFA-1) had lower than normal adhesion to
unstimulated HUVEC, but still had significantly increased adhesion to
cytoki ne-stimulated H UVEC.

This predicted additional mechanism of adhesion to endothelium that has
been exposed to cytokines is potentially very important in the controt of
lymphocyte accumulation at inflammatory sites in vivo (including allograft
rejection). By analogy with the studies on neutrophil adhesion and
transendothelial migration (Lawrence et al, 1990), it is postulated that the LFA-
f -independent pathway mediates the initial adhesion of r lymphoc¡es to
activated endothelium in vivo, but that extravasation then depends on the LFA-
1/ICAM-1 pathway (which is facilitated by the increased avidity of LFA-1 on
activated r lymphocytes and the increased ICAM-1 expressed by the
stimulated endothelium). Further stud¡es are required to elucidate the
mechanisms of T lymphocyte adhesion to HUVEC monolayers under flow
conditions, and the subsequent transendothelial migration.

Unfortunately, while the strategy used in these studies resulted in the
produclion of a monoclonal antibody against lcAM-1, it has not been
successful in producing a monoclonal antibody that binds to the predicted
"new" receptor on HUVEC.

A number of other investigators have also attempted to characterise this
receptor. One possibility is recognised by the monoclonal antibody 4D10,
which binds to an endothelial antigen only expressed in tissue sections during
acute inflammatory reactions (Goerdt et al, 1987). The antigen has a
molecular weight of 81 kD and is induced on cultured HUVEO by LpS, TNF,
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lL-1, and phobol esters. ln contrast to E[.AM-1 ¡t is still present after 24 hours
of stimulation, and it is not found on normal or chronic inflammatory tissues,
which distinguishes it from ICAM-'|. The antibody has no etfects on lymphocyte
adhesion in vitro, and so its relationship to the endothelial activation antigen
discussed above is uncenain.

Other groups have been more successful in this search, in that they have
found an inducible endothelial antigen involved in lymphocyte adhesion,
which appears to correspond to the predicted receptor on cytokine-stimulated
HUVEC.

lnducible cell adhesion molecule 110 (rNcAM-110) was originally
identified as a receptor for the adhesion of melanoma cell lines to stimulated
HUVEC (Rice and Bevilacqua, 1989). This process has comparable kinetics to
T lymphocyte adhesion and is not inhibited by antibodies against ICAM-1 or
ELAM-1 (Rice et al, 1988). INCAM-1 10 is detectable in low amounts on resting
HUVEC, but is increased by TNF stimulatíon. The monoclonal antibody E116
immunoprecipitates 1 10 kD and 95 kD species from biosynthetically labelled
cell extracts, which both revert to a 76 kD precursor after removal of N-linked
carbohydrates. The antibody inhibits the adhesion of melanoma cells,
lymphocytes, and monocytes (but not neutrophils) to cytokine-stimulated
HUVEO, and has additive effects with the anti-LFA-1 antibody Ts1/22,
showing that it does not depend on CD1 1aJCD18 for adhesion (Rice and
Bevilacqua, 1989, Rice et al, 1990). The combination of antibodies against
INCAM-110 and LFA-1 blocks most of the adhesion of lymphocytes to lL-1-
stimulated HUVEC, which suggests that INCAM-110 accounts for at least part
of the adhesion pathway predicted above. The antigen is not found on the
endothelium of normal human skin, but is strongly expressed in smalt vessels
(predomi nantly venules) associated with florid perivascular inflammatory
infiltration in a delayed hypersensitivity reaction to tuberculin, in vascular
endothelium in a cutaneous insect bite reaction, and focally in venular
endothelium in peripheral lymph node and tonsil. However, it does not mark
HEV selectively (Rice et al, 1990). The INCAM-110 antigen is also expressed
by follicular dendritic cells in lymphoid germinal centres (Freedman et al,
1990), where it supports the adhesion of activated B lymphocytes and B cell
lines.

The inducible endothelial cell antigen called vascular cell adhesion
molecule 1 (vcAM-1) (osborn et al, 1gB9) has now been shown to be
identical to INCAM-110 (Rlce et al, 1990). vcAM-1 was directly cloned by
transfecting COS cells with cDNA from lL-1-stimulated HUVEC, and selecting
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those cos cells that bound lymphoid cells. The vCAM-1 mRNA is barely
detectable in unstimulated HUVEO, but is greatly increased after TNF
stimulation. The increase is sustained for at leastT2 hours. The mature prote¡n
is predicted from the CDNA sequence to have a 582 amino acid extracellular
domain, 22 amino acid transmembrane region, and a 19 residue cytoplasmic
tail, with a molecular weight of 69 kD. Glycosylation of the 6 potential N-
glycosylation sites gives a predicted molecular weight of 90 kD. VCAM-1 is a
member of the immunoglobulin superfamily and contains 6 immunoglobulin-
like domains.

A monoclonal antibody (489), that was produced against TNF-stimulated
HUVEO, inhibits the LFA-1-independent adhesion of r lymphocytes to
stimulated endothelium and recognises a functional epitope on vCAM-1
(carlos et al, 1990). The inhibitory effec{ on T lymphocyte adhesion was
additive to that of an antibody against CD18. 489 also partially inhibited the
adhesion of lymphocytes to unstimulated HUVEC, suggesting that the low
levels of VCAM-1 present normally on HUVEC contribute to the basal
adhesion of lymphocytes. This inhibition was also additive to that of the anti-
CD18 antibody.

wellicome et al (1990) described a 9s kD antigen, recognised by the
antibody 1.4c3, that is minimally expressed by unstimulated HUVEC, but is
induced by lL-1, TNF, or LPS. lt is also induced by lL-a (unlike lcAM-1 or
ELAM-1), which in turn has synergy with lL-1 and TNF (Thornhill et al, 1990).
The antigen is distinct from EI-AM-1 and ICAM-1, and has the characteristics of
vcAM-1, but has no effect on the adhesion of r lymphocytes to cytokine-
stimulated HUVEC ie it does not bind to a functional epitope. The same group
has demonstrated that lL-4 stimutation of HUVEC increases lymphocyte
adhesion by an LFA-1/lcAM-1-independent mechanism (Thornhill et al,
1990), and this is probably dependent on VCAM-1.

Another group analysed the new membrane proteins synthesised by
cultured HUVEC within 6 hours of stimulation with lL-1 (19 out of over 600
proteins), and prepared 2 monoclonal antibodies (1E7 and 2Gz) which
recognise VCAM-1 (Graber et al, 1990). The antibody 2G7 inhibits the binding
of r lymphocytes but not granulocytes to lL-1-stimulated HUVEO.

This LFA-1-independent adhesion pathway has been further
characterised by the finding that the receptor for VCAM-1 on lymphoid cells is
VLA-4 (Elices et al, 1990). This is another example of interaction between
members of the immunoglobulin and integrin families. KS62 cells transfected
with cDNA of the VLA-4 q subunit specifically adhere to VCAM-1, and this is
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inhibited by antibodies against vLA-4. The same antibodies block the
adhesion of the lymphoid cells Ramos and HPB-ALL to TNF-stimulated
HUVEO and to vcAM-1 expressed in coS cells, as does goat antiserum
against the Êr chain. Monoclonal antibodies directed against the Vl-A-4
cr chain, the p1 chain, and VCAM-1 all inhibit the adhesion of B lymphoblasto¡d
cells from a patient with l-AD (ie CD11/CD18-deficient) to unstimulated
HUVEC and TNF-stimulated HUVEC (Schwartz et al, 1990), and inhibit the
adhesion of activated B lymphocytes and B cell tines to lymphoid follicular
dendritic cells (Freedman et al, 1gg0). The site of attachment to vCAM-1 on
VLA-4 is separate from that which binds to the heparin ll binding region of
fibronectin. At sites of inflammation, Vl-A-4 could potentially bind to VCAM-1
expressed by the endothelium as well as fibronectin that is produced by the
inflamed cells.

Antibodies against VLA-4 cr chain inhibit the attachment of certain celt
lines to Peyer's patch HEV and of human lymphocytes to appendix HEV (see
section 3). This may be due to inhibition of the interaction between LPAM-1
(cr¿Êp) and its unknown ligand on the HEV. lt ¡s l¡kely that VLA-4 is the
lymphocyte and monocyte receptor for vcAM-1 expressed by inflamed
endothelium.

It is quite possible that VCAM-1/lNcAM-1 10 is expressed by the
endothelium during allograft rejeclion, and that it corresponds to one of the
vascular addressins (eg MECA 32s, MEC A g2). There is also the exciting
possibility of using antibodies against VLA-4 and/or VCAM-1/INCAM-1 10 as
therapeutíc tools to block the adhesion of lymphocytes to the endothelium
specifically at s¡tes of inflammation.
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4.5: Studies of the Tissue distribution of ICAM-1

a.5: (1) ICAM-1 in the normal kidney and during renal allogratt rejection

This study was undertaken to ¡nvest¡gate any changes in expression of
ICAM-1 that occur during the alloimmune response to a transplanted kidney.
Tissue sections from normal kidneys and from renal allografts undergoing
rejection were stained with antibody against ICAM-1 (WEHI-CAM-1) using the
indirect immunoperoxidase technique described in Materials and Methods.
The sections of normal kidney were cut from the macroscopically uninvolved
portions of 2 kidneys removed surgically for localised renal cell carcinoma,
and from 11 kidneys just prior to their use as transplants.

lcAM-l is moderately strongly expressed on the endotherium of
glomerular and intertubular capillaries, weakly on the intima of arterioles,
venules, and larger vessels, and moderately on the parietal epithelial cells
that line Bowman's capsule (see section 4.3 and photograph page 227). The
tubules were negative apart lrom 2 of the pre-transplant kidneys which had
some weak sta¡ning of the luminal aspect of the tubular cytoplasm.

The recipients of the 11 transplanted kidneys that had been biopsied
subsequently had 12 biopsies taken at a later date during episodes of ailograft
dysfunction (ie one patient had 2), and the expression of lcAM-1 was
compared with the pre-transplant biopsies. Both sets of biopsies were also
stained with the anti-Hl-A class ll antibody RMs.112 (see section 2.2).The 12
biopsies taken during allograft dysfunction were independently assessed for
histological evidence of rejection. Eight biopsies had prominent peritubular
infiltration of mononuclear cells consistent with rejection, and the remaining
biopsies showed no evidence of rejection. ln those cases the dysfunction was
caused by cyclosporine nephrotoxicity.

There was a clear increase in the glomerutar capillary expression of both
ICAM-1 (photograph page 231) and HIA class ll during rejection (see section
2.2 and photograph page 67), and this was not observed in the non-rejecting
biopsies. The intertubular capillaries are difficult to assess as their architecture
is obscured by the cellular infiltrate and by the damage from the rejection
process.

There were also changes in the tuburar expression of lcAM-1 during
rejection. ICAM-1 was expressed on the tubular cytoplas m of 7 out of the I
rejecting biopsies (photograph page 291), and the same 7 biopsies had
tubular HLA class ll expression (see section 2.2). Neither ICAM-1 nor HLA
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class ll were present on the tubules of any of the non-rejecting biopsies. The 2
kidneys which expressed tubular ICAM-1 before transptantatíon were in the
group of non-rejecting biopsies, and in those biopsies the tubular ICAM-1 was
no longer present (summarised table 1, page 72).

The tubular expression of ICAM-1 and HLA class tl was then examined in
a series of 23 randomly selected biopsies from other renal transplants
(summarised table 2, page 72). These biopsies were not paired and so it was
not possible to directly compare rejecting and non-rejecting biopsies from the
same patient.

Seven biopsies had been taken within 60 minutes of re-vascularisation of
the allograft. All were morphologically normal and did not show any signs of
hyperacute rejection. Detectable lcAM-l and HLA class ll was found on the
tubules in 3 of these biopsies, but the other 4 were free of both.

Eight biopsies were diagnostic of acute rejection. Tubular Hl-A class ll
was present in all of them and ICAM-1 tnZ.

The remaining 8 biopsies showed no evidence of acute rejection.
However, 4 showed tubular HLA class ll expression, and 2 of those 4 also had
tubular ICAM-1.

Discussion

ICAM-1 is normally present on all of the endothelium of the human kidney.
It is increased on glomerular capillaries during acute rejection, which is
probably due to the cytokines that are produced by the activated cells
infiltrating the graft. This is comparable to the increased ICAM-1 expressed by
cultured HUVEC after lL-1, TNF, LT, or y-lF stimulation.

As has been discussed in section 2,the endothelium has a central role in
the rejection of a vascularised allograft. lt is a target for allorecognition, is
capable of presenting alloantigen, and modulates leucocyte adhesion and
extravasation. The increased expression of ICAM-1 would facil1ate each of
these processes.

Additional ICAM-1 should increase the stability of the interaction between
the allospecific T lymphocytes and the foreign HLA present on the
endothelium, and stimulate the T lymphocytes through the LFA-1 molecules
they express. This will increase the target potential of the endothelium (as will
its increased expression of Hl-A class I and class ll [see section 2.2]) and
contribute to its antigen-presenting capabilities. lcAM-1 also acts as a
receptor for the adhesion and extravasation of both allospecific and non-
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allospecific leucocytes that accompanies the inflammatory process. The
transendothelial migration may be the step that most depends on the
upregulation of ICAM-1 .

The tubules are often severely damaged early in the rejection of a renal
allograft, and they are usually surrounded by a pronounced cellular infiltrate.
The increased tubular Hl-A class I and de novo HLA class ll and lcAM-1
conveniently accounts for this particular sensitivity, by making the tubules
better targets for allorecognition and possibly giving them the ability to present
antigen to sensitised T lymphocytes. The tubular expression of foreign HLA
class ll is by itself insufficient to initiate rejection (see section Z), but it is
expected that it will amplify a pre-existing response. The accompanying ICAM-
1 expression will facilitate this sensitisation and allow specific effector ce¡s to
adhere to the "activated" tubules. lt is again probable that cytokines released
by the infitrating cells are the stimulators of this upregulation.

The tubular expression of ICAM-1 during rejection has been reported in
another study (Bishop et al, 1989a). They also studied its expression on
cultured renal tubular cells, and found it in low amounts basally which
increased slightly after treatment with cytokines. ICAM-1 expression is also
increased on cultured thyroid cells stimulated with ¡lF, tL-1, or TNF, and on
thyroid follicular cells in areas of lymphocytic infiltration in patients with
Graves' disease and Hashimoto's thyroiditis (weetman et al, l ggg).

The appearance of ICAM-1 and HLA class ll on the tubules can both be
markers of rejec{ion. lt is unusual for one to be present without the other, or for
them to be absent during rejection. However, ICAM-1 is also expressed by the
tubules in a number of non-rejecting kidneys, which means that ¡t is not a
reliable marker by itself. The expression is usually stronger in the rejection
biopsies, but such a subjective assessment is not ideal for diagnosing acute
rejection. The concurrent appearance of Hl-A class ll improves the specificity
slightly, but it still will not realistically reptace histopathological assessment as
the primary method for diagnosing rejection.

It is not clear why some of the non-rejecting kidneys expressed tubular
lcAM-1. lt may be basally expressed in some kidneys, although it was not
found in later biopsies lrom 2 of those patients. New transptants can suffer
some degree of reperfusion injury following re-vascularisation, and the
consequent inflammation may account for the tubular ICAM-1 in 3 of the 7
biopsies taken within 60 minutes of the re-establishment of blood flow. The
most appealing explanation for the tubular ICAM-1 observed in 4 biopsies
without rejection is a subtle degree of inflammation that was not regarded as
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diagnostic of acute rejeaion. Two of those patients were diagnosed as having
cyclosporine nephrotoxicity, one had acute tubular necrosis, and the other had
incipient total infarction following vascular thrombosis. ln these cases a small
number of infiltrating cells may have released sufficient cytokines to
upregulate the ICAM-1.

4.5 (2) ICAM-1 and ELAM-1 in inflammatory vasculitis involving skeletal
muscle and peripheral nerves

The specimens of skeletal muscle and peripheral nerve that were stained
with antibodies against HLA class I and class ll (see sectíon 2.3) were also
stained with antibodies against lcAM-1 (wEHt-cAM-1) and ELAM-1 (1.286)
(Wellicome et al, 1990).

ICAM-1 is weakly expressed on the endothelium of all vessels in the
muscle and nerve specimens without inflammation (photographs pages 231

and 232). ELAM-1 is absent in all of these sections.
One patient had muscle biopsies taken both during remission and during

an acute exacerbation of inflammatory vasculitis. ln the latter biopsy there was
an intense inflammatory infiltrate around the blood vessels, which was largely
composed of macrophages and lymphocytes, plus a few neutrophils. Here the
endothelial expression of lcAM-1 was clearly increased (photograph page
232), and ELAM-1 appeared on the intima of a number of med¡um to targe
vessels (photograph page 2gg).

The other biopsies of inflamed muscle and nerve atso showed increased
endothelial ICAM-1(photograph page 2gg), but ELAM-1 was only found in the
one specimen. ICAM-1 was not expressed by other cells, apart from infiltrating
leucocytes.

Discussion

The increased endothelial expression of ICAM-1 in inflammatory vasculitis
parallels the increase in HLA class I and class ll antigens that was discussed
in section 2, and is similar to that observed during renal allograft rejection.
This appears to be a general phenomenon on endothelium at sites of
inflammation.

There are two possible reasons why EI-AM-1 appeared in onry one
biopsy. lt is only transiently expressed by cultured HUVEO in vitro and
probably often missed in vivo, and this particular biopsy had the most florid
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inflammation, which included some neutrophils. The infiltration around the
vasculitic vessels is predominantly lymphocytic and monocytic, and lcAM-1
and possibly VCAM-1 are likely to be the most important molecules involved in
its accumulation.
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Expression of ICAM-1 (WEHI-CAM-1) on the glomerular capillaries and

tubules of a rejecting renal allograft (indirect immunoperoxidase, x400)
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Expression of ICAM-1 on peripheral nerve (tomaculous neuropathy) (indirect

immunoperoxidase, x200)
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Expression of ICAM-1 in vasculitis involving skeletal muscle (indirect

immunoperoxidase, x200)
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skeletal muscle (indirect immunoperoxidase, x200)
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